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The magnitudes and pathways of sand transport in Chioggia Inlet, southern Venice 
Lagoon,  and  the  resulting  morphological  evolution  have  been  investigated. 
Bathymetric analysis has established that there is a net export of sediment from the 
southern  Lagoon  Basin,  and  that  significant  morphodynamic  changes  in  the 
barrier-inlet system have taken place. The total loss of sediment from the lagoon 
was evaluated as 125,770 m
3/a, 10% of which is estimated to be sand. In addition, 
the presence of an ebb-tidal delta, extending from the mouth of Chioggia Inlet, as 
well as two subaqueous spits, were identified. The ebb-tidal delta annual growth 
was estimated as 50,000 m
3/a, suggesting the existence of an additional source of 
sand for the delta, in addition to the Lagoon. The pathways and provenance of sand 
in transport were determined through seabed sampling and mineralogical analysis. 
Three predominant sources were identified: sand eroded from the tidal flats in the 
Southern Basin; a northelrly littoral drift of quartz-rich sand supplied by the Adige 
and Brenta rivers, to the south of the Chioggia Inlet; and a southerly littoral drift of 
carbonate-rich renourishment sand from Pellestrina, to the north of the Inlet. The 
nature and magnitude of transport through the inlet was investigated through direct 
measurements and modelling. It was found that the export of sand through the inlet 
is bed grain size dependant, ebb dominant and mostly in the bottom 1 m of the 
water column. The shape of the profile of concentration is well reproduced by the 
Rouse parameter, and thresholds for motion are between those derived by Van Rijn 
(1993)  and  by  Amos  et  al.  (2010b)  for  the  Venetian  inlets.  Modelling  results 
suggest that present export rates are 40% lower than those evaluated from long-
term bathymetry changes. Volumetric and modelling estimates of drift along the 
shores adjacent to the Inlet indicate that the main contribution to the inlet features 
is littoral drift, with a longshore transport rate of 118,000 m
3/a, from the south, and 
91,000  m
3/a,  from  the  north.  A  conceptual  sand  budget  for  Chioggia  Inlet  was 
proposed. Littoral drift was found to be dominant over transport through the Inlet; 
thus, it is suggested that although the overall budget of sand in Chioggia Inlet is 
still negative, a small import of sand is starting to take place. Furthermore, the 
contribution of Chioggia Inlet to the net export of sand from the lagoon, based on 
present net budget estimates was calculated as 15%.  
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1 Introduction 
 
 
 
 
The coastal zone is home to 40% of the world’s population (CIESIN, 2010), and 
although no estimates exist of how much of this population is distributed within 
the  range  of  coastal  lagoons  (Nicholls,  2010),  it  is  known  that  coastal  lagoons 
account for 13% of the coastal zone worldwide (Kjerfve, 1994; Nichols and Allen, 
1981).  Historically,  people  have  settled  near  these  ecosystems  for  practical 
reasons:  access  to  food;  commercial  exploitation  of  natural  resources;  and 
navigation routes for transportation and military purposes. Coastal lagoons are also 
important environmentally because they provide habitat for many plant and animal 
species, and because they support a number of biological, physical and chemical 
cycles that balance productivity in the oceans and sustain the marine system as a 
whole. Preservation of lagoon ecosystems requieres an understanding of the delicate 
equilibrium the lagoon maintains during its existence. This equilibrium is determined by 
the exchange of water and sediment between the lagoon and the sea.  In the case of the 
Venice Lagoon, over the past two centuries this has shifted from an environment 
prone to siltation, to one that is losing up to 1 million m
3 of sediment annually, 
mostly through its inlets (Carbognin and Cecconi, 1997; Tambroni and Seminara, 
2006). This trend is threatening the survival of the  lagoon ecosystem, which is 
only  maintained  by  net  a  balance  between  accumulation  and  erosion  (Nichols, 
1989).  The  study  of  inlet  morphodynamics  and  their  role  as  conduits  for  the 
transport  of  sediments  is  thus  vital  to  ensure  the  adequate  understanding  and 
management of the lagoon ecosystem.  Introduction                                                                                                       2 
Many  factors  have  been  recognised  to  contribute  to  the  net  export  of  sediment 
from the Venice Lagoon: the lack of sediment input, subsidence (Carbognin et al., 
2004), sea level rise (Ferla et al., 2007), change in the wave climate (Cavaleri, 
2005), and sediment resuspension by boat waves and benthic trawling (Sfriso et 
al., 2005), which has been widely identified as a key issue in the disturbance of 
seabed  cohesion,  generation  of debris, and habitat  destruction  (Churchill, 1989; 
Dayton et al., 1995; Pilskaln et al., 1998). The combined influence of these factors 
often enhance their individual negative effects; e.g., stronger tidal currents have 
resulted from the progressive deepening of the lagoon and the increased tidal prism 
(Sarretta  et  al.,  2010;  Umgiesser  et  al.,  2009);  these  currents  then  carry  the 
sediment  set  in  suspension  by  waves  and  trawling  out  of  the  lagoon,  inducing 
further sediment losses. In cases when such a variety of factors are at play, and 
where the coastal zone has been severely modified by engineering works, such as 
in  Venice  Lagoon,  it  is  often  difficult  to  assess  the  processes  responsible  for 
coastal behaviour. It becomes important to separate noise from forces that actually 
have  an  influence  in  long-term  evolution.  This  is  not  an  easy  task  due  to  the 
complexity  of  inlet  morphodynamics,  which  concern  feedbacks  between  three 
major  components:  the  hydrodynamics  of  tidal  currents  and  wind  waves;  the 
erosion,  deposition,  and  transport  of  sediment  under  the  action  of  the  former 
hydrodynamic  agents;  and  the  morphology  (de  Swart  and  Zimmerman,  2009). 
These components have to be studied at a wide range of temporal and spatial scales 
covering movement of individual sand grains (centimetres/second), migration of 
bed forms (metres/day), and change or displacement of larger features such as sand 
bars or deltas (hundreds of metres/year): This requires a more flexible approach to 
studies. Traditionally, small-scale processes have been disregarded in the study of 
large-scale  coastal  behaviour  (de  Vriend  et  al.,  1993;  Hanson  et  al.,  2003). 
However, understanding the principles of sediment transport at a small scale has 
been proved important in the estimation of sediment budgets which, in turn, are 
useful in understanding and forecasting long term system behaviour (Brommer and 
Bochev-van  der  Burgh,  2009;  Cowell  et  al.,  2003).  There  is  a  trend  towards 
aggregated-scale evolutionary approaches (de Vriend, 2003), where different levels 
of coastal change are considered and each morphological unit is distinguished as a Introduction                                                                                                       3 
system  that  shares  sediment  at  a  variety  of  scales  within  the  coastal  cell.  This 
thesis attempts to study inlet morphodynamics from such a perspective.  
Limited studies exist in the Chioggia Inlet area. Only one bathymetric data set of 
the inlet exists before 2005 (unpublished data, CNR), and the existence of the ebb-
tidal delta was only discovered during a recent geophysical surveying campaign 
(Brancolini et al., 2006; Zecchin et al., 2008). Thus, the evolution of the ebb-tidal 
delta, which formed after the construction of the jetties, had not been studied. This 
is  addressed  in  Chapter  3.  A  detailed  bathymetric  survey  of  the  inlet  area  and 
adjacent Adriatic beaches was carried out to provide morphological information 
about  the  inlet  features,  such  as  the  ebb-tidal  delta.  A  complementary  high-
resolution  sediment  sampling  campaign  provided  data  for  the  sedimentary 
characterisation of the area. By studying the sediment composition and accretion 
rates  it  might  be  possible  to  determine  transport  pathways  through  sediment 
provenance and thereby estimate transport rates.  
The  interaction  between  the  inlet  features  and  the  back  barrier  basin  (transport 
through the inlet), as well as the interaction between the inlet features and the up-
drift beach (littoral drift and by-passing) are of particular interest for the overall 
evaluation of the inlet’s sediment budget. This is reported in detail in Chapters 4 
and 5, respectively. 
Estimates  of  the  total  sediment  input  and  output  through  the  inlets  have  been 
published,  although  there  is  a  high  level  of  uncertainty,  with  reported  values 
ranging from 230,000 m
3/a to 800,000 m
3/a (Amos et al., 2010a). Variations in the 
values are partly explained by the different methods used. In an attempt to include 
Chioggia  Inlet  sand  budget  in  the  understanding  of  the  lagoon  budget,  the 
magnitude of sand transport through Chioggia Inlet is investigated in Chapter 4 
through direct measurements. These measurements provide a robust comparative 
data set for the existing estimates, and also provide a means by which to identify 
the mechanisms and patterns of sand transport in Chioggia Inlet. Furthermore, the 
thresholds for transport and suspension of sand across the inlet were derived for 
Chioggia  Inlet.  Knowing  the  critical  condition  for  initiation  of  bedload  and 
suspended  sediment  transport  is  vital  for  the  subsequent  prediction  of  sand Introduction                                                                                                       4 
transport.  The  distribution  of  sand  sizes  and  grain  settling  velocity  with  height 
above the bed was measured, and the validity of the Rouse profile of concentration 
was tested against the measured vertical distribution of sand. The calibartion of the 
theoretical  Rouse  parameter,  under  different  tidal  flow  conditions,  allows  more 
accurate computation of the distribution of sand in suspension. This relationship 
was incorporated then into the coupled model SHYFEM-SEDTRANS05 (Ferrarin 
et  al.,  2008)  to  model  yearly  bedload  transport  rates  and  to  compare  them  to 
measured transport. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1 Venice Lagoon and its three inlets Lido, Malamocco and Chioggia 
The importance of longshore transport on the Adriatic shores of Venice Lagoon is 
evident from the  presence  of  significant  depositional features  such  as  accreting 
beaches,  sand  bars,  and  ebb-tidal  deltas  (Amos  et  al.,  2008;  Guerzoni  and 
Tagliapietra,  2006;  Helsby,  2008;  Villatoro,  2007).  Estimates  of  average  yearly 
150,000 – 400,000 m
3/a 
130,000 – 250,000 m
3/a 
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littoral drift range between 150,000 m
3 and 400,000 m
3 (Fontolan et al., 2007) for 
the  northern  section  of  the  Venetian  littoral,  and  130,000  m
3/a  (before 
renourishment, Cecconi and Maretto, 1996) to 250,000 m
3 (immediately following 
renourishment, Lamberti et al., 2005) further south along Pellestrina. However, no 
rates have been published for the shores adjacent to Chioggia Inlet. In order to 
estimate the magnitude of littoral drift near Chioggia Inlet and to understand how 
much sediment is by-passing the jetties, entering the lagoon or depositing in the 
ebb-tidal  delta,  longshore  transport  rates  are  evaluated  from  beach  profiles  and 
wave data in Chapter 5. 
For the first time, all the identified components of the littoral cell, such as existing sand 
reservoirs, transport through the inlet, and littoral drift are considered in the evaluation 
of the inlet budget, with the aim of assessing the contribution of Chioggia Inlet to the 
overall sedimentary budget of the lagoon (Chapter 6). Obtaining accurate estimates of 
the  lagoon  sediment  budget  is  problematic  and  complex.  Most  budget  estimate 
approaches  have  limitations,  imposed  by  data  availability  and  limitations, 
modelling  errors  (Ferrarin  et  al.,  2010;  Tambroni  and  Seminara,  2006),  and 
measurement  errors  (Defendi  et  al.,  2010).  Thus,  the  approach  that  has  been 
adopted in Chapter 6, for the interpretation of the results obtained in this project, is 
through  nested  time-  and  spatial-scales  through  which  shore  processes  and 
morphological units are inter-linked.  
1.1 Objectives 
The  principal  goal  of  this  study  is  to  define  the  morphological  evolution  of 
Chioggia  Inlet  and  to  understand  the  factors  controlling  inlet  morphodynamics. 
The  following  questions  will  be  answered:  What  is  the  feedback  between 
hydrodynamics,  sediment  transport  and  morphology?  What  factors  influence 
sediment  transport?  What  is  the  role  of  Chioggia  Inlet  in  the  overall  lagoon 
budget? 
In order to achieve this goal, several objectives were addressed: 
a)  to identify the different units of the tidal inlet system; Introduction                                                                                                       6 
b)  to  quantify  the  lagoon  and  inlet  morphological  changes,  through 
bathymetric analysis;  
c)  to classify and characterise the seabed, in order to identify the main 
transport pathways; 
d)  to define the modes and threshold for transport in the inlet; 
e)  to derive the flood and ebb sand transport components through the 
inlet, from direct measurements;  
f)  to obtain an estimation of the Sottomarina and Ca’Roman longshore 
sand transport, through volumetric and numerical modelling methods; 
and  
g)  to determine the total sand budget of the Chioggia Inlet. 
 
1.2 Background and theory 
1.2.1 Coastal lagoons 
Coastal lagoons are shallow basins that act as a buffer or transitional environments 
between the land and the sea (Vadineanu, 2005). Kjerfve (1994) defines a coastal 
lagoon as an inland water body, usually oriented parallel to the coast, separated 
from  the  ocean  by  a  barrier,  connected  to  the  ocean  by  one  or  more  restricted 
inlets, having depths which seldom exceed a couple of metres. Although coastal 
lagoons are found all over the world, covering over 13% of the world’s coasts, 
only 5.3% are located in Europe (Kjerfve, 1994; Nichols and Allen, 1981), making 
Europe the continent with the lowest proportion of coastal lagoons. Lagoons are 
very important because a large percentage of the population lives within range of 
these ecosystems, using them for commercial, recreational and tourism purposes 
(Anthony et al., 2009). They are a unique habitat for plants, animals, birds and fish, 
some  of  which  are  exploited  commercially.  They  also  serve  as  nursery  habitat  for 
juvenile fish that support offshore commercial fisheries. They support recreational and 
commercial shipping and act as protection from storms. It has been estimated that tidal Introduction   
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estuaries, tidal marshes and wetlands have an average economic value of €1.20 per  
m
2/a (€1.74, €0.75 and €1.13 per m
2/a relatively) compared with an average value of 
less than €0.15 of arable/pasture land (Costanza et al., 1997). They are also important 
environmentally,  because  they  are  responsible  for  maintaining  a  number  of 
biological, physical, and chemical cycles, that balance productivity in the oceans 
and  sustain  the  marine  system  as  a  whole.  Due  to  the  economical  and 
environmental importance of tidal lagoons world-wide, the interest in their study 
and management has grown in recent years (Bertin et al., 2005).  
The equilibrium of costal lagoons is maintained by the exchange of energy and 
mass between the lagoon and the adjacent land and sea; mass exchange of water 
and sediment takes place through freshwater discharge from rivers and sea water 
input through tides, whereas energy exchange can be the result of wind action or 
temperature differences between the water and air masses. The evolution of a coastal 
lagoon is dependent on the ratio of accumulation or erosion to sea level behaviour (Isla 
and Perillo, 1995). If fluvial and marine sedimentation exceeds subsidence and sea level 
rise, the lagoon will infill and become land (typical of regressive coasts), whereas if sea 
level rise and subsidence are greater, the lagoon will deepen, the sand barriers will erode 
and the lagoon will be overstepped by the sea (transgressive phase) (Nichols, 1989). 
This process takes place through sand barrier breaching or roll-back, which is the inland 
migration  of  the  coastal  features.  This  latter  situation  would  be  the  case  in  Venice 
Lagoon  if  its  sand  barriers  were  not  protected  by  seawalls  and  groynes  (Townend, 
2010). All lagoons are  at some point in their evolutionary process, which  takes 
them from a land or marine environment to a transitional or lagoon one and vice-
versa, making them temporary features in geological time (CVN, 1997; Kjerfve, 
1994). 
1.2.1.1 Geomorphology of coastal lagoons 
Coastal lagoons are oriented generally parallel to the coast, and separated from the 
sea by one or more sand barriers. The lagoon is flushed through inlets that can 
migrate or close for periods of time, when significant freshwater input and strong 
tidal currents are  not present  (Kjerfve, 1994).  Alternatively, a new inlet can be Introduction   
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created  by  over-washing  of  the  sand  barrier.  The  inlets  can  present  associated 
depositional features, such as ebb and flood tidal deltas.  
The  shallow  nature  of  these  coastal  water  bodies  makes  them  ideal  for  the 
formation  of  tidal  flats,  which  cover  the  majority  of  the  lagoon  area  and  are 
characterized  by  lower  elevations  that  become  flooded  during  most  tidal 
fluctuations, and salt marshes, located just above mean sea level and frequently 
inundated  by  the  tide,  but  with  enough  oxygen  to  allow  halophytic  vegetation 
(Marani et al., 2004). 
 
 
Figure 1.2 Morphological features of an idealised coastal lagoon (from URI 
Coastal Institute, 2008) 
1.2.1.2 Formation of coastal lagoons 
The  formation  of  a  coastal  lagoon  can  be  associated  with  ancient  depressions 
flooded by the postglacial transgression, to the presence of former barriers or to 
the  longshore  growth  of  spits  and  barriers,  although    most  coastal  lagoons  are 
related  to  barrier  developments  (Isla  and  Perillo,  1995).  The  mechanisms  that 
maintain a lagoon being separated from the sea (e.g. sand barrier) are, thus, often Introduction   
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the same mechanisms that led to its formation (Barnes, 1980). According to Martin 
and Dominguez (1994), these mechanisms depend upon the factors outlined below,  
a)  Sea level history: Eustacy or sea level changes relative to the position of 
the  adjacent  land can  be  due to  local  or  global factors, such as tectonic 
movements  or  climate  change  (Brambati  et  al.,  2003).  However,  the  sea 
level  variations  that  lead  to  the  formation  of  coastal  lagoons  are  mainly 
caused by the alternation of glacial and interglacial weather stages, during 
the Pleistocene and Holocene. When sea level rises as a result of glacial 
melting,  the  coast  profile  is  submerged.  Thus,  low  coastal  plains  behind 
dune ridges become inundated, leaving a straight sandy barrier parallel to 
the coastline (Isla and Perillo, 1995; Martin and Dominguez, 1994).  
b)  Shoreface  dynamics:  On  emergent  coasts,  waves  and  currents  are 
responsible  for  the  redistribution  of  sediment  along  the  coast,  causing 
erosion or deposition, and the resultant formation or migration of the barrier 
islands and inlets (Isla and Perillo, 1995; Martin and Dominguez, 1994). 
c)  Tidal range and wave action: Tidal range and wave action are the main 
processes responsible for the type of barrier island, together with the shape 
of  the  inlet  and  related  sand  banks  that  form  (Isla  and  Perillo,  1995). 
Marcrotidal coasts (>4 m) rarely have barrier islands, because sand cannot 
be  deposited  due  to  the  constant  migration  of  the  breaker  point.  On 
mesotidal coasts (tidal range 2-4 m), barrier islands are short, small, and 
dissected  by  numerous  tidal  inlets  with  well-developed  ebb  deltas.  They 
usually have a well-defined tidal channel network and associated tidal flat 
and marsh areas. On microtidal coasts (tidal range 0-2 m), barrier islands 
are  long  and  linear,  with  a  predominance  of  storm  washover  features 
(Martin and Dominguez, 1994). Examples of these types of barrier islands 
are  those  of  San  Sebastian  Bay  in  Argentina,  the  Wadden  Sea  in  the 
Netherlands, and Venice Lagoon in Italy, which correspond to macrotidal, 
mesotidal, and microtidal coasts, respectively. Introduction   
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1.2.1.3 Classification of coastal lagoons 
Lagoons  can  be  classified  on  the  basis  of  their  water  balance,  ecological 
characteristics,  circulation  mixing  or  geomorphological  structure  (degree  of 
isolation)  (Barnes,  1980;  1994).  The  most  common  of  these  is  the 
geomorphological approach classification. 
Barnes (1980) proposed a basic classification based upon their degree of isolation, 
and divided them into classes ranging from ‘bay-like’ to ‘lake-like’ lagoons, such 
as lagoons impounded by an offshore barrier-island chain and lagoons enclosed by 
longshore  bars  and  spits,  respectively.  Kjerfve  (1986;  Kjerfve,  1994),  took  this 
classification  further  and  divided  coastal  lagoons  into  three  geomorphic  types 
according to water exchange with the coastal ocean (see below). 
a)  Choked  lagoons:  connected  by  a  single  long  narrow  entrance  channel, 
along  coasts  with  high  wave  energy  and  significant  littoral  drift.  Tidal 
action and mixing is limited by the single entrance. E.g. St. Lucia Lake, 
South Africa. 
b)  Restricted  lagoons:  connected  by  two  or  more  inlets  and  are  generally 
shore-parallel.  Tidal circulation and mixing are well defined, with salinity 
ranging from brackish to oceanic. E.g. Venice Lagoon, Italy. 
c)  Leaky lagoons: connected by numerous wide inlets and are elongated in 
shape. Tidal circulation enhances unimpaired water exchange between the 
lagoon and sea. E.g. Wadden Sea, Netherlands. 
1.2.1.4  Lagoon processes 
Although various processes contribute to the balance of mass and energy within a 
lagoon,  it  is  the  water  exchange  that  plays  the  most  important  role  in  the 
equilibrium of heat, salinity, nutrients, sediment and water (Kjerfve, 1994). Water 
exchange takes place through  the  tidal flow,  fresh  water  discharge  from  rivers, 
precipitation and evaporation. The contribution from these processes to the water 
exchange are represented in the hydrology equation (Smith, 1994): 
 
ω ω A G R E P
t
Vl
s ± + + − =
∆
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where ∆Vl is the total volume of the lagoon, ∆t is time, Ps and E are spatially-
integrated precipitation and evaporation, Rω is runoff, G is groundwater seepage 
and Aω is the advective change in water volume. 
When the tidal wave propagates from the lagoon mouth to the landward reaches of 
the  basin,  bottom  friction  and  momentum  transfers  result  in  tidal  asymmetry 
(Lanzoni and Seminara, 2002;  Nichols and Boon, 1994). If the  period  of  water 
level rise is shorter than that of water level fall, the tide is flood-dominant; when 
the opposite is true the tide is ebb-dominant (Bolle et al., 2010). The duration of 
the flood and the ebb tide is related to the strength of the currents they generate, as 
described in Table 1-1 (Bolle et al., 2010; Lanzoni and Seminara, 2002).  
Table 1-1 Tidal dominance 
Flood dominance  Ebb dominance 
Longer ebb phase duration  Longer flood phase duration 
Lower ebb velocities  Lower flood velocities 
Higher flood velocities  Higher ebb velocities 
Longer high-water slack period  Longer low-water slack period 
 
In addition to the effects of bottom friction, basin morphology and the numbers 
and  size  of  inlets  have  been  reported  to  affect  tidal  asymmetry  (Lanzoni  and 
Seminara,  2002;  Nichols  and  Boon,  1994).  Speer,  Aubrey  and  Friedrichs 
investigated tidal asymmetry in a series of papers (Friedrichs and Aubrey, 1988; 
Speer  and  Aubrey,  1985)  that  included  field  observations  and  modelling.  They 
found that the dominance is defined by two parameters; the ratio of the tidal range 
(R’) to inlet water depth (h); and the ratio of the volume of intertidal storage (vs) to 
the volume of channels (vc). A large R’/h ratio usually signifies flood dominance, 
whereas  the  parameter  vs/vc  is  responsible  mostly  for  asymmetric  tides  in  ebb-
dominant systems. Nichols and Boon (1994) used the relationship of the area of the 
intertidal basin (Ai) to the total basin area (A) to suggest that flood dominance is 
counteracted  by  the  progressive  infilling  of  tidal  flats  and  saltmarshes,  until  a 
morphodynamic equilibrium is reached.  
The residual sediment transport (import or export) is related to the asymmetry in 
the velocities of the flood and the ebb tides (Aldridge, 1997). In most cases, flood Introduction   
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dominance  will  cause  a  net  import  of  sediment,  whereas  ebb  dominance  will 
produce a net export. However, this is not always the case, since Bolle et al. (2010) 
have found that the relationship between the duration of the tide and their current 
velocities is non-linear. As a result, a flood-dominant asymmetry of the duration of 
the tide is not necessarilty associated with a flood-dominant tidal current. They 
also found that, in some cases, the direction of sediment transport in inlets cannot 
be explained by tidal asymmetries alone, and that winds and waves should also be 
considered. Inside the lagoon, sediment transport depends also upon tidal currents, 
as well as wind-waves (Amos et al., 2004). Coarser marine sediments are found 
usually  near  the  inlets,  whereas finer  terrigenous  sediment can  be found  in  the 
central  and  inner  lagoon,  where  the  tidal  currents  are  nearly  zero.  Terrigenous 
sediment is supplied by rivers, mostly during strong rainfall events; it is generally 
fine sediment, derived from sheet runoff or aeolian inputs (www.ozcoasts.org.au, 
2010). This fine sediment is deposited on mudflats and intertidal flats in the inner 
lagoon, aided by the baffling effect of vegetation (Thompson et al., 2004), leading 
to habitat growth. On the other hand, the finer fraction of the marine sediments 
imported into the lagoon can be transported in suspension into the central basin, 
where  deposition  can  occur,  depending  on  wind-wave  conditions.  Wind-waves, 
aided  by  animal  burrowing  and  the  lack  of  stabilising  vegetation  can  cause 
resuspension of fine sediment, both marine and terrigenous, leading to erosion of 
these  habitats  (Amos  et  al.,  2004).  Coarser  marine  sediment  is  limited  to  the 
lagoon entrances, where littoral transport and surf zone processes dominate. The 
sediment  is  transported  along  the  shore  and  builds  out  into  the  central  basin, 
forming a flood tidal delta. Some sediment can also be exported into the marine 
environment  during  strong  ebb  tides.  Storms  can  lead  also  to  washover  of  the 
barrier,  depositing  further  coarse  sediment  in  the  back-barrier  region 
(www.ozcoasts.org.au, 2010). 
1.2.2 Tidal inlets 
A  tidal  inlet  is  an  opening  in  the  shoreline  through  which  water,  sediments, 
nutrients,  etc.  are  exchanged  between  the  open  sea  and  the  back  barrier  basin 
(Elias and van der Spek, 2006). Brunn (1978) classified inlets into three different Introduction   
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types according to their origin: (1) geological origin, (2) hydrological origin, and 
(3) littoral drift origin. Geological inlets have rocky gorges and do not follow the 
behaviour of tidal inlets in sand. Inlets with a predominantly hydrological origin 
are formed where rivers enter the ocean. Finally, the most common type of inlet on 
open  sea  coasts  (the  type  studied  herein),  is  of  littoral  drift  origin.  These  are 
formed  as  a  result  of  different  processes  like  wave  action  in  shallow  water, 
building up barrier islands, and/or a rise in sea level, flooding low coastal areas. 
They  can  migrate  for  up  to  several  metres/year  depending  on  wave  climate, 
sediment  supply,  depth  of  the  main  channel,  substrate  and  tidal  range  (Hayes, 
1980). The development of the inlet channel in this type of inlet is related also to 
its origin (Bruun, 1978); whether it is through breaching (when the bar already 
exists), or by migration of a bar induced by littoral drift (closing of bays).  
Tidal inlets can be classified on the basis of the hydrodynamic conditions of the 
coast into wave-dominated, tide-dominated, or mixed energy (see Figs. 1.3a and 
1.3b) (Van Rijn, 1998). 
a)  Wave-dominated coasts: Beach and shoreface dynamics are dominated by 
sediment  transport;  tidal  range  is  generally  microtidal;  barriers  are  long, 
narrow  and  straight  with  well  developed  beaches;  inlets  have  well-
developed flood deltas and small or nonexistent ebb deltas. 
b)  Mixed  energy  coasts:  They  have  significant  sediment  transport  and 
morphological changes caused by both waves and currents; barrier beaches 
are short and wide; they present many tidal inlets with well-developed ebb 
deltas.  
c)  Tide-dominated coasts: Tidal currents cause significant sediment transport 
dominating  the coastal morphology; tidal range  is  generally mesotidal or 
macrotidal; inlets are large and funnel-shaped containing large linear sand 
bodies oriented parallel to tidal currents; barrier beaches are scarce or non-
existent. 
 
 Introduction   
1.2 Background and theory                                                                                  14 
 
 
 
 
 
 
 
 
 
 
Figure 1.3 (a) Hydrodynamic classification of coasts, with a red star marking 
the location of Venice littoral in the diagram (modified from Davis and Hayes, 
1984), (b) Inlet morphology based on hydrodynamic classification of coasts 
(from Davis and Gibeaut, 1990). 
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1.2.2.1 Morphodynamics of tidal inlets 
Due to the importance of tidal inlets as conduits for tidal flow, nutrients, oxygen, 
and sediments, as well as for navigation purposes, understanding their morphology 
and  evolution  is  of  great  value  in  coastal  management  (Seabergh,  2001).  Tidal 
inlets are composed mainly of three morphological elements: 1) The flood delta; 2) 
the  channel;  and  3)  the  ebb  delta  (Hayes,  1980).  However,  there  can  be  other 
features within these morphological elements, as shown in Fig. 1.4. 
Inlet  behaviour  is  governed  by  the  interaction  between  the  open  sea,  the  back 
barrier,  and  the  adjacent  shorelines.  It  is  also  influenced  by  many  secondary 
external  controls,  such  as  sediment  supply,  basin  geometry  and  sedimentation 
history, regional stratigraphy and freshwater discharge by rivers (Elias and van der 
Spek, 2006). 
According to Elias and van der Spek (2006), sediments eroded from the inlet and 
supplied by littoral drift accumulate in tidal deltas on the seaward and landward 
sides, where flows decelerate after passing through the narrow inlet throat. On the 
flood  delta  inside  the  mouth,  the  inlet  channel  bifurcates;  the  flood  current 
infringes directly onto the junction driving the sediment up the flood ramp onto the 
flood shield, a nearly flat area just below mean high tide level. The ebb channels 
are formed on either  side, recycling  the sediment back towards the mouth. The 
ebb-tidal delta is the analogue on the outside of the mouth, but its form is modified 
greatly by wave processes. 
1.2.2.2 Ebb-tidal deltas 
Ebb-tidal deltas are important morphological features because: (1) they represent 
huge  sand  reservoirs;  (2)  sand  shoals  associated  with  ebb  deltas  reduce  wave 
energy on landward beaches; and (3) they affect the bypass process, towards down-
drift shorelines (Fontolan et al., 2007). 
Sediment accumulated in the ebb-tidal delta can be supplied from littoral drift or 
deposited when flow decelerates after passing the inlet. The volume of material 
stored  in  a  tidal  delta  necessarily  must  depend  upon  the  wave  action  which, Introduction   
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together  with  the  ebb  and  flood  channels  and  their  discharges,  determines  the 
volume which can be flushed away (Bruun, 1978).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4 Schematic diagram of the elements of an inlet system (Smith, 
1984). 
Most  researchers  agree  that  the  morphology  of  the  ebb-tidal  delta  is  determined 
essentially by the relative importance of waves versus tidal energy (FitzGerald, 1988; 
Hayes, 1980; Oertel, 1988), such that wave-dominated ebb-tidal deltas are pushed close 
to the inlet throat, while tide-dominated ebb-tidal deltas extend offshore (Oertel, 1988). 
However,  the  secondary  external  controls  proposed  by  Elias  and  van  der  Spek 
(2006), as mentioned above, are also important.  
The components of a typical ebb-tidal delta include a main ebb channel, which 
usually shows a slight-to-strong dominance of ebb-tidal currents over flood-tidal Introduction   
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currents. The main ebb channel is flanked on either side by channel-margin linear 
bars, which are levee-like deposits built by the interaction of ebb- and flood-tidal 
currents,  with  wave-generated  currents.  At  the  end  of  the  main  channel  is  a 
relatively steep, seaward-sloping lobe of sand called the terminal lobe, which is 
where most of the sand is deposited. Broad sheets of sand, called swash platforms 
flank both sides of the main channel. Usually, isolated swash bars, built by the 
swash  action  of  waves,  occur  on  the  swash  platforms.  Marginal  tidal  channels 
dominated by flood-tidal currents, called marginal flood channels, usually occur 
between  the  swash  platform  and  the  adjacent  up-drift  and  down-drift  beaches 
(Hayes, 1980).  
The shape of the delta can be modified by the interaction of the main longshore 
current and the ebb jet, elongating the lobe in the direction of the current (Elias, 
2006;  Fontolan  et  al.,  2007;  Helsby,  2008).  Deposition  of  sediment  on  the 
downstream side of the inlet mouth orientates the tidal channels (outside of the 
inlet)  upstream  (Van  Leeuwen  et  al.,  2003).  If  longshore  currents  exceed  the 
effects of the tidal current, then the ebb delta will be restricted in length seawards; 
however, it will be skewed in the direction of longshore transport. Stronger tidal 
currents will elongate the delta shore-normal (Oertel, 1988). 
1.2.2.3 Inlet processes and stability 
The stability of tidal inlets on littoral drift shores should be understood as an issue 
of  “dynamic  stability”  (Bruun,  1978).  This  means  that  the  elements  involved 
search  for  a  balance  while  interacting.  The  interaction  between  the  above 
mentioned  inlet  morphological  units  and  both  the  adjacent  beaches  and  back 
barrier area are driven by local hydrodynamic conditions, such as tidal flow, waves 
and the littoral current.  The dynamic  coupling  between these elements  tends  to 
remain in dynamic equilibrium to the large-scale hydraulic forcing, individually as 
well as collectively, until distortion of the equilibrium in one of the components 
results in sand exchange between the components as other parts of the system will 
temporarily deliver or store sand to compensate (Elias and van der Spek, 2006). 
Distortion  can  be  large-scale,  such  as  sea-level  rise,  medium-scale,  such  as 
construction  of  breakwaters  and  jetties,  and  small-scale,  such  as  storms.  These Introduction   
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interactions can be expressed in terms of a sediment transport budget and its main 
transport  pathways  (Van  de  Kreeke,  2006):  (1)  interaction  between  the  up-drift 
beach and the inlet; (2) interaction between the up-drift beach and the delta; (3) 
sediment by-passing from the up-drift to the down-drift beach (FitzGerald, 1982; 
FitzGerald, 1988; FitzGerald et al., 2000); (4) interaction between the back barrier 
area and  the delta; and (5) interaction between the up-drift beach and the back 
barrier area.   
Change in the dynamic equilibrium between these components can cause any of 
them  to  migrate  (Bruun  and  Gerritsen,  1959;  Davis  and  FitzGerald,  2004; 
FitzGerald et al., 2000). To prevent erosion and migration, inlets are frequently 
stabilised  using  structures,  such  as  jetties.  Problems  concerning  the  inlet 
morphology  and  hydraulic  stability  can arise  from  adding  jetty  structures  to an 
inlet, due to the change of basic inlet processes. These problems can be avoided 
with careful design of the structures and artificial morphology (Seabergh, 2001). 
There are four basic inlet processes that are affected when the inlet is modified by 
the construction of jetty structures (see below).  
a)  Inlet thalweg response: Migration of the deep channel or thalweg towards 
the jetty is observed at single jettied inlets, due to current deflection and 
acceleration  near  the  jetty  wall  (Keslich,  1981).  As  a  result  of  current 
deflection, the velocity decreases away from the jetty wall and sediment is 
deposited in the deep channel, progressively moving the channel towards 
the wall. Strong velocity gradients and, thus, scour develop as a result of 
the  proximity  of  the  channel  to  the  wall  (Mitello  and  Hughes,  2000). 
Evaluating the effect of twin jetties, on deep  channel migration, is often 
complicated by maintenance dredging for navigation purposes.    
b)  Adjacent  shoreline  response:  The  influence  of  an  inlet  can  be  felt  on 
adjacent shorelines up to  13  km away from an inlet (Fenster and Dolan, 
1996).  The  interaction  between  the  inlet  and  the  up-drift  beaches  is  of 
particular concern for coastal management (Elias and van der Spek, 2006). 
Jetties  minimise  the  amount  of  littoral  drift  entering  the  inlet  and  by-
passing to the down-drift beach, because sediment that is normally moved Introduction   
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by  the  littoral current along  the  coast  gets  trapped  up-drift  of  the jetties 
causing down-drift erosion (Seabergh, 2001). The up-drift beach does not 
have  an  unlimited  storage  capacity  so,  after a  while,  sediment  starts  by-
passing into the inlet, the delta or even the down-drift beach. Artificial by-
passing of sand often takes place from the up-drift beach, or from the ebb-
tidal delta, to nourish the adjacent eroding beaches (Fontolan et al., 2007). 
c)  Cross-sectional area response: Stability of an inlet channel results when 
there  is  a  balance  between  the  tidal  prism,  which  tends  to  increase  the 
channel cross-sectional area, and the amount of sediment transported to the 
inlet by waves and currents, which tends to reduce the inlet cross-sectional 
area. Construction of jetties has the effect of reducing sand import into the 
inlet, creating a more hydraulically-efficient channel, because fewer shoals 
are formed but this increases the cross-sectional area. Increasing the cross-
sectional  area  by  building  the  jetties  too  far  apart  can  lead  to  sand 
deposition and the formation of a meandering navigation channel, whereas 
narrowing of the cross-sectional area can produce scour along the jetties. 
d)  Ebb-tidal delta response: Various studies have shown that the ebb-tidal 
delta migrates sea-ward after the construction of jetties, because the ebb-jet 
influence is extended (Balleti, 2006; Fontolan et al., 2007; Keslich, 1981). 
The amount of sand stored by the delta is affected also by the interruption 
of littoral drift with the jetties; conversely, slight changes in the size of an 
ebb-tidal delta, due to changes in the inlet tidal prism, can affect greatly the 
sand supply to nearby beaches (FitzGerald, 1988). 
1.2.2.4 Inlet size 
The balance between the inlet components and the hydrodynamic conditions was 
first recognised empirically by O’Brien (1931), who related the spring tidal prism 
(P) to the minimum (i.e. below low water) cross-sectional area of the inlet (Ac). He 
produced the equation: 
     
n
c CP A =                     (1.1) Introduction   
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where n and C are constants that vary from inlet to inlet; however O’Brien (1969) 
showed  that  for  28  US  inlets,  C=4.69x10
-4  and  n=0.85  are  best-fit  values 
applicable  to  all  inlets  when  P  is  measured  in  m
3  and  Ac  in  m
2  (Stive  and 
Rackhorst, 2008). This relationship means that the cross-sectional area of the inlet 
is proportional to the amount of water flowing through it over a tidal cycle. If the 
tidal prism increases, the water has to flow faster to fill and empty the basin. In a 
natural environment, inlets search for an equilibrium state that satisfies equation 
1.1.  Thus,  if  the  tidal  prism  increases,  the  cross-section  will  increase,  either 
through  deepening  or  widening.  O’Brien  (1969)  later  produced  two  different 
relationships for (1.2) natural inlets and (1.3) jettied inlets; the latter presenting a 
larger cross-sectional area: 
             P Ac
3 10 607 . 7
− × =                    (1.2) 
          
86 . 0 4 10 489 . 7 P Ac
− × =                           (1.3) 
Jarrett (1976) calculated a series of empirical relationships for inlets in the U.S. 
Atlantic and Pacific coasts, observing different tidal and wave conditions in each 
coast. He was the first to recognise the role of wave action and, hence, littoral drift 
on  the  hydraulic  radius  (the  ratio  between  cross-sectional  area  and  the  wetted 
perimeter). The greater the magnitude of littoral drift, the smaller the hydraulic 
radius.  
The tidal prism can be calculated using the equation (Seabergh, 2001): 
         
π
max 'Q T
P =                        (1.4) 
where T’ is tidal period (s) and Qmax is the maximum discharge during the flooding 
tide.  
An earlier method (O'Brien, 1969) can also be used:   
  π
c
m
A
V T P ' =                                                     (1.5) 
where Vm 
 is the maximum velocity.  Introduction   
1.2 Background and theory                                                                                  21 
Dean  (1971)  equated  the  previous  expression  for  tidal  prism  (equation  1.5),  to 
O’Brien’s (1931) original tidal prism - inlet area relationship and determined that 
for a tidal period of 44,640 s, Vm for the inlet is about 1 m/s. This means that 1 m/s 
is the velocity necessary to maintain an equilibrium flow area. Therefore, as wave 
action supplies sand to the inlet channel and tends to reduce the cross-sectional 
area,  the  inlet  flow  will  scour  out  any  deposits  that  reduce  the  channel  cross-
section below its equilibrium value.  
This concept was further developed in an analytical way by Escoffier (1940).  He 
proposed a diagram for inlet stability analysis in which two curves were initially 
plotted. The first is the velocity versus the inlet’s cross-sectional flow area, Ac. The 
continuity equation Vavg . A = Vm . Ac is used to determine maximum velocity at the 
minimum cross-section.  The second curve (plotted as VE) is a stability criterion 
curve  such  as  O’Brien  and  Jarrett’s  tidal  prism  versus  cross-section  area 
relationship.  
The r = P/Mtotal criterion for overall stability, where P is tidal prism (m
3) and Mtotal 
is total mass of littoral drift (m
3), was introduced by Brunn and Gerritsen (1959; 
1960), and has been widely used. The higher the r value, the inlet tends towards a 
tidal-dominated inlet, with stable, deep channels. These inlets tend to be poor ebb-
delta bypassers, whereas inlets with smaller r values tend to be increasingly wave-
dominated and unstable, but bypass sand well through the ebb-delta. Brunn and 
Gerritsen (1959) were amongst the first to recognise the importance of sediment 
by-passing:  the  sand  exchange  over  the  ebb-tidal  delta  from  the  up-drift  to  the 
down-drift beaches. They laid the basis for others to produce models studying by-
passing mechanisms (FitzGerald, 1982; FitzGerald, 1988), which are based on the 
relationship between stability of the inlet throat and the movement of the main ebb 
channels,  and  have  shown  to  be  valid  for  a  wide  range  of  mixed  energy  tide-
dominated inlets.  
Long-term sediment balance in a channel bed can be expressed in zero, one, or 
two-dimensional form by the Exner equation, which is a statement of conservation 
of mass between the sediment in the bed and sediment that is being transported: Introduction   
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where α = αs + αe is the combined rate of eustatism (αe) and soil subsidence (αs), ρs 
is the sediment density (≈ 2.65 g/cm
3) and Tx and Ty are transport in the horizontal 
and the vertical directions. 
1.2.3 Sediment dynamics theory 
The  study  of  flow  and  sediment  dynamics  is  an  important  tool  for  coastal 
management because through it, one can understand and describe phenomena such 
as nearshore morphological changes (erosion or accretion), scour around structures 
and many other topics associated with the transport of sediments by tidal currents 
(uni-directional flow) or coastal currents (littoral drift) (Liu, 2001). The general 
principle is that sediment is moved by the friction exerted by the flow over the 
bed. Here, the types of flow are described, together with how they transmit their 
energy to the sediment. The thresholds and modes of transport, and the equations 
to estimate transport rates are also described in this Section. 
1.2.3.1 Steady uniform flow 
A flow is steady  when the flow properties  (density, velocity, pressure, etc.) are 
constant over time; it is uniform when the flow velocity does not change along the 
flow  direction.    This  applies  for  both  laminar  and  turbulent  flow,  although  the 
steady state in the case of turbulent flow refers to the statistical parameters (mean 
and standard deviation) of the flow properties (Liu, 2001).  
The  characteristics  of  the  flow  in  unidirectional  currents  vary  according  to  the 
velocity. At low velocities, the flow is laminar, which is when the layers of the 
flow slide smoothly over each other without mixing of fluid particles. The grain 
Reynolds number: 
υ
50 d U
Re =                     (1.7) 
is a measure of turbulence within the flow and is often used to define the type of 
flow. Ū is the average flow velocity; d50 is the median grain diameters and υ is the Introduction   
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kinematic viscosity of the fluid (υ = 10
-6 m
2/s at 20°C). A laminar boundary layer 
occurs  in  the  vicinity  of  the  grain  when  viscous  forces  exceed  inertial  forces 
(Re<1). This low Reynolds number range is called the Strokes range. Transicional 
flow  corresponds  to  Re  between  1  and  1000,  when  fluid  drag  dominates  over 
viscous drag, causing a separated boundary layer relative to the grain, and also a 
turbulent wake. The wake is the zone of disturbed flow streaming behind the grain. 
For Re>1000, there is a turbulent boundary layer around the grain and a turbulent 
wake. In this range viscous drag is negligible relative to form drag (Bridge, 2003).   
Even  though  most  flows  in  nature  are  turbulent,  a  thin  layer  exists  near  the 
boundary where the fluid motion is still laminar; this is called the viscous sub-
layer, which is part of the boundary layer, a concept developed by Prandtl (Liu, 
2001). The boundary layer is the near-bed region of the flow affected by friction 
between the flow and the bed. Its thickness (δ) is defined as the distance from the 
boundary  surface  to  the  point  where  u  =  0.995U  (Fig.  1.5)  (Heathershaw,  1988; 
Schlichting and Gertsen, 1999). The amount of momentum delivered to the bed is 
dependant on the steepness of the velocity gradient, which in turn depends on the 
thickness of the boundary layer (Nielsen, 1992).  
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Within the boundary layer, the layers move at different velocities. The shear stress 
(τ),  between  layers is proportional  to the  velocity  gradient 
z
u
∂
∂ , in the  direction 
perpendicular to the layers, so that  
                     
z
u
∂
∂
= ρυ τ                                                    (1.8) 
Where  ρ  is density of water and υ is the kinematic viscosity (Liu, 2001).  
Turbulent  flow  is  characterised  by  fluctuations  in  velocity.  The  instantaneous 
velocity in the x and z directions is denoted by U and W respectively, so that U = ū 
+ u’ and W = ￿ ￿ + w’, where ū and ￿ ￿ are the time-averaged horizontal and vertical 
instantaneous velocities (used to represent turbulent flow), and u’ and w’ are the 
instantaneous velocity fluctuations.  
The time-averaged bed-shear stress (Reynolds or normal stress) is given by: 
         ' 'w u t ρ τ − =                                   (1.9) 
In turbulent flow, both viscosity and turbulence contribute to shear stress: 
) ' ' ( w u
z
u
t ρ ρυ τ τ τ υ − +
∂
∂
= + =                  (1.10) 
As there is no turbulence on the bottom, the turbulent shear (τt) stress is equated to 
zero, therefore the viscous shear stress (τv) is dominant and the flow is laminar in 
the viscous sub-layer. Above this sub-layer, the turbulent shear stress dominates 
(Fig. 1.6).  
The  velocity  distribution  within  a  fully-turbulent  boundary  layer  conforms  to  a 
logarithmic profile, which was derived from the shear stress distribution (see Fig. 
1.7) (Liu, 2001). The total shear stress in the turbulent layer (τ), composed of only 
the turbulent shear stress (τt), increases linearly with depth: 
       
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Figure 1.6 Flow layer classification, where τ is total shear stress, τt is 
turbulent shear stress, τv is viscous shear stress, and τ0 is the bed-shear stress 
(modified from Liu, 2001). 
Measurements show that shear stress in the viscous sub-layer, on the other hand, is 
constant and equal to the bed-shear stress (τo), not increasing linearly with depth as 
indicated by Fig. 1.7 (Liu, 2001). 
 
 
Figure 1.7 Shear stress components and distribution, where τt is turbulent 
shear stress, τv is the viscous shear stress and τ0 is the bed-shear stress 
(modified from Liu, 2001) 
The logarithmic velocity profile is thus, expressed as (Bruun, 1978): 
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where κ is the Von Karman constant (κ = 0.4), z0 is the elevation corresponding to 
zero velocity (roughness length, Table 1-2), and u* is the friction velocity, which is 
the  rate  of  turbulent  shear,  defined  by  the  gradient  of  the  logarithmic  velocity 
profile. Thus, the friction velocity can be expressed in terms of the bed-shear stress 
(τo) through the relationship: 
ρ
τ o u = *                    (1.13)
         
Table 1-2 Mean values of zo and C100 (CD at 1 m above the bed) for 
different bottom types (modified from Soulsby, 1983) 
Bottom type  zo (mm)  C100 
Mud  0.2  0.0022 
Mud/sand  0.7  0.0030 
Silt/sand  0.05  0.0016 
Sand (unrippled)  0.4  0.0026 
Sand (rippled)  6  0.0061 
Sand/shell  0.3  0.0024 
Sand/gravel  0.3  0.0024 
Mud/sand/gravel  0.3  0.0024 
Gravel  3  0.0047 
 
The fluid exerts both a drag and a lift force over the bed (Fig. 1.8). The total drag 
force, which consists of friction drag and form drag, is written as: 
      
2
2
1
u A C F n D D ρ =                           (1.14) 
where CD is a drag coefficient, An is the area of the body normal to the flow, ρ is 
the fluid density, and u is the average velocity. The lift force (FL) is written in the 
same way as the drag force.  
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Figure 1.8 Fluid forces acting on a grain resting on the bed (modified from 
Liu, 2001) 
The grain also exerts a resistant force FD on the flow (Fig. 1.9), so that if A’ is the 
area of the grain, the bed-shear stress is: 
2 2 2
2
1
' 2
1
'
u C u
A
A
C
A
F
D
n
D
D
o ρ α ρ τ = 




 = =                           (1.15) 
which is known as the quadratic stress law. 
In rough beds, the resistance of the flow consists of two parts, one originating from 
the  skin  friction  (τ0s),  another  due  to  the  form  drag  (τ0f)  produced  by  pressure 
differences over rough beds, such that the effective bed-shear stress is τ0 = τ0s + τ0f 
 
Figure 1.9 Balance of forces acting on a settling grain (modified from Liu, 
2001) 
Knowing  the  settling  velocity  of  a  grain  (Ws)  is  important  in  the  study  of  the 
balance  of forces  that  keep a  particle  in suspension  (Bagnold, 1966).  Ws  is  the 
constant velocity of a grain as it falls in still water, when the upward fluid drag 
force (FD) on the grain is equal to the downward submerged weight of the grain 
(Liu, 2001; Soulsby, 1997). Introduction   
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The  settling  velocity  of  a  grain  can  be  measured  (see  Chapter  3)  or  estimated 
through  empirically-derived  formulae  (Fredsoe  and  Deigaard,  1992;  Soulsby, 
1997). 
Soulsby’s settling formula (Soulsby, 1997) is based on the dimensionless grain diameter 
D*: 
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where υ is the kinematic viscosity of seawater (0.7 x 10
-6 m
2/s at 30°C). Soulsby’s 
formula is: 
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An alternative approach for the derivation of the shear stress, besides the Reynold 
Stress  and  the  Quadratic  Stress  Law  described  above,  is  the  Turbulent  Kinetic 
Energy Method (used in Chapter 4,  Soulsby, 1983; Soulsby and Humphrey, 1989; 
Thompson  et  al.,  2004).  According  to  Dade  et  al.  (2001),  the  turbulent  kinetic 
energy is a measure of the intensity of turbulent motion within a shearing fluid. 
The  instantaneous  velocity  fluctuations,  characteristic  of  turbulent  flow,  can  be 
represented by a characteristic turbulence spectrum derived from the Fast Fourier 
Transform of the velocity time-series (ibid.). This spectrum thypically shows peaks 
at  energy  generating  (low)  frequencies  and  a  fall  off  in  energy  at  higher 
frequencies (Hennay et al., 1994). The area below the spectrum is a measure of the 
signal variance due to turbulence. Thus, the Turbulent Kinetic Energy density can 
be calculated from the three components of flow with the equation 
( )
2 2 2 ' ' '
2
1
w v u E + + = ρ                  (1.18) 
(Soulsby, 1983; Soulsby and Humphrey, 1989), and the bed-shear stress calculated 
from τ = 0.19E, where the value 0.19 is an empirical coefficient, which is generally 
accepeted as valid for a range of bottom roughnesses (Soulsby, 1983; Thompson et 
al., 2004). Introduction   
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1.2.3.2 Transport by tidal currents 
Threshold for transport 
Transport of sediment can be divided into three types: bedload, saltation (a type of 
bedload in water), and suspension. In order to determine the type of transport, it is 
necessary to define the critical condition when sediment starts to move. There are 
various  studies  into  this  threshold  condition  (Cao  et  al.,  2006;  Shields,  1936; 
Sternberg, 1972; Van Rijn,  1989 in  Van Rijn, 1993; and Yalin and  Ferreira  da 
Silva, 2001). The initiation of movement, according to these studies, depends upon 
various  factors:  a)  lift  (FL)  and  drag  forces  (FD),  exerted  by  the  fluid  on  the 
sediment particle, and settling velocity of the grain (Ws); b) submerged weight of 
the grain; c) turbulence; d) bed slope; and e) grain properties (density, placement, 
etc). If conditions are above threshold, the flow can move the sediment, but if they 
are below, it cannot. For the grain transport to occur, the forces of FL and FD must 
be sufficient to overcome the gravitational forces (submerged weight, see Fig. 1.9). 
Shields  (1936)  was  the  first  to  formulate  the  threshold  condition  for  incipient 
motion  by  equating  the drag  force  FD  to the  friction force acting on the  grain, 
through the Shields parameter: 
    
50 ) ( gd s
c
c ρ ρ
τ
θ
−
=                  (1.19) 
where τc = ρu*crit
2, ρ is density of water and sediment, g is gravity (9.81 m/s
2) and 
d50 is the grain median diameter, which can be expressed in terms of the grain 
Reynolds number (Re), as in the original Shields diagram (Fig. 1.10).  
It  is  not  convenient  to  apply  the  Shields  plot  because  the  friction  velocity  u* 
appears in both axes, therefore other relationships have been suggested (Madsen 
and Grant, 1976; Van Rijn, 1993). Van Rijn (1984a; 1984b; 1993) proposed a new 
version of the Shields diagram where the Shields parameter is plotted in terms of 
the dimensionless grain diameter (D*) (Fig. 1.11). This investigator modified the 
original  Shields  diagram  to  add  his  empirically-derived  suspension  threshold 
curve, as well as those from Bagnold (1966) and Engelund (1965) to the initiation 
of  motion  curve  derived  by  Shields.  Van  Rijn  (ibid.)  considered  Bagnold’s Introduction 
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criterion to be the upper limit at which a concentration profile starts to develop, 
while his criterion defines an intermediate stage at which locally turbulent bursts 
of sediment particles are lifted from the bed into suspension. 
Figure 1.10 Original Shields diagram 
Figure 1.11 Modified Shields diagram 
θc 
θc 
 
1.2 Background and theory                                                                                  
criterion to be the upper limit at which a concentration profile starts to develop, 
while his criterion defines an intermediate stage at which locally turbulent bursts 
nt particles are lifted from the bed into suspension.  
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criterion to be the upper limit at which a concentration profile starts to develop, 
while his criterion defines an intermediate stage at which locally turbulent bursts 
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Bedload transport 
The differentiation between bedload and suspended load lies in the frequency of 
contact  with  the  sediment  bed;  bedload  being  in  frequent  contact  with  other 
sediment grains on the bed.  
Various methods have been developed for estimating the bedload flux (Bagnold, 
1966; Einstein, 1950; Engelund and Hansen, 1967; Van Rijn, 1984a; and Yalin, 
1963).  The  definition  used  in  most  ‘bedload’  formulations  includes  saltating 
sediment in the bedload fraction; however, Engelund and Hansen (1967) refer to 
total sediment discharge, instead of bedload. This ‘total load’ refers to the fact that 
all sand collected was used in the relationship and, hence, refers to uncertainty in 
the method rather than a statement about the mode of sand transport. 
(a) Einstein-Brown equation: Einstein (1950) proposed an equation to calculate 
suspended load, and another, the Einstein-Brown equation, to calculate bedload, 
which he defines as sediment that is moving in a thin layer (2 particle diameters in 
thickness)  just  above  the  bed,  by  rolling,  sliding,  or  jumping.  This  definition 
excludes all particles finer than those of the bed. This bedload transport equation is 
physically  and  stochastically-based;  it  estimates  sediment  transport  flux  by 
accounting for the probability that any sediment particle within a population would 
be mobilised by the flow field. This statistical point of view threw a new light on 
the concept of critical bed shear stress (Engelund and Hansen, 1967). A critical 
mean bed shear for the whole channel is no longer relevant, as there will always be 
a certain positive probability that the instantaneous shear stress at some locality 
will exceed any finite value, thus causing particle motion.  
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where  Ф  is  a  dimensionless  measure  of  the  bedload  transport,  and  Qb  is  the 
bedload rate in mass per unit of time and width. 
(b)  Yalin  equation:  This  equation  is  based  upon  the  laws  of  mechanics  and 
assumes  that  motion  of  bedload  particles  is  dominated  by  particle  saltation 
(jumps). Yalin (1963) argued that sediment concentration of the bedload layer Qb Introduction   
1.2 Background and theory                                                                                  32 
should scale with excess shear stress S, and sediment velocity should be less than 
fluid  velocity,  but  depend  on  the  velocity  structure  within  the  saltation  layer; 
which  depends  on  the  depth-averaged  velocity  (from  the  logarithmic  velocity 
profile). He proposed; 
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where a1 = 0.0635 (constant for all sediments and fluids), and a2 = 2.45 (ρ/ρs)
0.4
* τ  (depends on sediment type and fluid type). 
Rewriting this equation in a non-dimensional form, he obtained: 
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c) Bagnold’s equation: Bagnold’s (1966) approach consisted in the estimation of 
forces needed to move an entire layer of the bed, relative to the underlying layers, 
instead of the particle force balance, making considerations of energy balance and 
of mechanical equilibrium. He termed this type of transport granular flow; that in 
which the successive contacts of the particles with the bed are strictly limited by 
the effect of gravity (rolling, sliding or hopping). Like Einstein (1950), Bagnold 
derived mathematical expressions which relate the rates of sediment transport, both 
as bedload and as suspended load, to the expenditure of power by a statistically 
steady flow of water, and solved Qb: 
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where tan αf  is  the coefficient of solid friction  (about  0.6, for naturally  shaped 
sediment) and eb is an efficiency factor that depends on the fluid in which transport 
occurs, ranging from 0.1 to 0.2 in water. Tan αf and eb must be empirically set, 
using bedload measurements. This relationship is used often for nearshore systems 
where sheet flow transport often seems to dominate; is unsuitable for non-energetic 
environments, because bedload transport is predicted even when bed shear stress 
does not exceed critical shear stress.  Introduction   
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(d)  Engelund-Hansen  equation:  Instead  of  representing  a  mathematical 
description  of  the  transport  mechanism  in  detail,  the  authors  included  the 
morphological features of the system by the application of a general principle of 
geometric and dynamic similarity. They introduced the concept of bedforms into 
the  quantification  of  bedload  transport  and  observed  that  the  local  intensity  of 
bedload transport is proportional to the local height of the bed through the troughs. 
Their proposed non-dimensional sediment discharge formulation is of the form: 
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where QT is total sediment discharge, which they  define as the total volume of 
moving sand particles per unit time, and s = ρs / ρ. 
(e) Van Rijn equation: Van Rijn (1984a) solved the equations of motion of an 
individual  bedload  particle  and  computed  the  saltation  characteristics  and  the 
particle velocity, as a function of the flow conditions and the particle diameter, for 
plane bed conditions. Van Rijn (1993) presented 4 different methods to compute 
bedload transport rate. He used the stochastic approach and provided a version of 
the  Einstein  equation  which,  for  mathematical  representation  only,  considers 
sediment rolling, sliding or saltating along the bed: 
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where A* = 43.5, p is the probability of a grains being lifted, as estimated by a 
relationship based on p= f (τ*). 
Suspended transport 
Rouse  (1939)  proposed  a  relationship  to  estimate  suspended  sediment 
concentration based on Prandtl’s mixing length theory. The profile of suspended 
sediment concentration is described by the Rouse profile: 
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The application of the Rouse profile to the distribution of sand through the water 
column is summarized in Van Rijn (1993) and Dyer (1986). In its simplest form, 
this is expressed as: 
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where Cz is the sand concentration at height z above the bed, h is the total water 
depth,  Ca  is  the  reference  concentration  at  height  a  (immediately  above  the 
saltation layer), and R is the Rouse parameter or suspension number:  
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which  determines  the  shape  of  the  sediment  concentration  profile.  In  equation 
1.26, Ca is the reference concentration at some height a, h is water depth; Cz is 
suspended sediment concentration at the height z, and β relates the eddy viscosity 
for  momentum  (Km)  to  the  eddy  diffusivity  for  sediment  (Ks  =  βKm),  β  is  a 
coefficient relating flow and particle eddy diffusivity (β = 1 + (Ws / u*)
2 ; β ≈ 1) 
and k is von Kármán’s constant (≈0.4).  
The reference concentration is a key suspended sediment transport parameter. Due 
to the statistical influence of the near-bed flow on the sediment, the difficulty of 
obtaining  accurate  near-bed  measurements,  and  the  often  mixed  nature  of  bed 
sediments in the field, the accurate quantification of the magnitude of the reference 
concentration remains on of the most elusive problems in sediment transport (Rose 
and Thorne, 2001). There is consirable discrepancy as to the how to define the 
reference  elevation  a,  causing  uncertainty  in  the  calculation  of  the  reference 
concentration. Bijker (1992) suggests that a is taken as the bed roughness z0 and 
relates  Ca  to the bedload  transport  Qb.  It is assumed that the  bedload  transport 
takes  place  in  the  region  from  z  =  0  to  z  =  a  =  z0,  with  a  constant  sediment 
concentration Ca. According to Van Rijn (1984b), however, it is not recommended 
to  use  the  bedload  concentration  as  the  reference  concentration  for  the 
concentration profile, because it prescribes a concentration at a level equal to the 
saltation height, this may result in large errors for the concentration profile. He 
proposed another approach (Van Rijn, 1992) which relates the reference elevation Introduction   
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a to the bedform height, where a is assumed to be equal to half the bedform height, 
or the equivalent roughness height z0  if the bedform dimensions are not known. 
 Most of the empirical reference concentration expressions are related to the bed-
shear  stress  through  the  Shields  parameter  (Jönsson,  2006;  Nielsen,  1986;  Van 
Rijn,  1984b;  Zyserman  and  Fredsoe,  1994).  Some  of  the  most  widely  quoted 
equations in the literature are Van Rijn (1984b) and Zyserman and Fredsøe (1994): 
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These equations are limited by the difficulty in defining the threshold of motion 
and the statistical influence of the flow on the sediment. However, the standard 
method to obtain this parameter is from the centre line of experimental scatter on 
the Shields curve (Rose and Thorne, 2001; Van Rijn, 1984b). 
1.2.3.3 Longshore sediment transport 
Total  sediment  transport  in  the  coastal  region  can  be  artificially  separated  into 
components parallel and a perpendicular to the shore, as a convenience leading to a 
simpler  understanding  of  a  very  complex  environment  (Seymour, 2005). Cross-
shore transport refers to the cumulative movement of beach and nearshore sand 
perpendicular to the shore by the combined action of tides, wind and waves, and 
the shore-perpendicular currents produced by them (ibid.). It is manifested by the 
movement of sand from one part of the profile to another, such as off-shore bars; 
therefore,  it  is  easily  observable.  Longshore  transport,  on  the  other  hand,  is 
induced by a littoral current, which is parallel to the beach line. The littoral current 
is generated when swell waves reach the breaking point with an angle different 
than  perpendicular  to  the  shoreline.  When  these  waves  break,  momentum  is 
transferred to the water column; this flux of momentum is called radiation stress. 
The x component (assuming the beach is more or less aligned with the x axis) of 
the  radiation  stress  generates  the  littoral  current  (CERC,  2000).  The  resulting Introduction   
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along-coast movement of beach sediment is referred to as the longshore sediment 
transport, whereas the actual volumes of sand involved in the transport are termed 
the  littoral  drift  (ibid).  Longshore  transport  is  among  the  most  important  near-
shore processes that control the beach morphology and determine whether shores 
erode, accrete, or remain stable (CERC, 2000; Silvester and Hsu, 1997).  
There is a variety of methods to estimate littoral drift, which can be grouped into 
direct measurements, physical modelling and numerical modelling. The latter is the 
most  commonly  used  because  it  is  less  expensive  and  time  consuming  to  use. 
Choosing the most suitable method depends on the characteristics of the particular 
project  or  study  and  whether  quantitative  or  qualitative  results  are  sought.  The 
main characteristics of the different methods are described herein.  
Direct measurements 
Direct  or experimental  measurement  of  littoral  sediment transport  rates  may  be 
obtained by various methods, such as the use of artificial tracers, sediment traps, 
optical  instruments and  volumetric analysis. The  first method  requires injecting 
material coated with fluorescent dye into the surf zone, then sampling the material 
into  a  grid  to  determine  distribution  (Madsen,  1989).  The  use  of  vertically-
arranged traps, which collect sediment but allow water to pass, on the other hand, 
has  the  advantage  of  allowing  the  determination  of  the  vertical  distribution  of 
suspended sediment and its grain size (Dean, 1989; Kraus and Dean, 1987). This 
can be achieved also through optical measurements, although extensive calibration 
is required (Black and Rosenberg, 1994). Finally, the volumetric analysis consists 
of measuring differences in deposited volumes of sand, within defined sections of 
the beach, delimited physically by existing groynes or breakwaters, or arbitrarily 
by beach profiles (Foley, 2003). Some of the earlier studies adopted to estimate the 
direction and magnitude of net longshore transport were carried out along the U.S. 
coastline,  by  Johnson  (1956,  1957).  He  examined  sand  impoundment  and 
bypassing  volumes  at  groynes  and  breakwaters,  compiling  the  data  for  many 
shorelines  and  finding  transport  rates  of  up  to  1  million  m
3  of  sand  per  year 
(CERC, 2000). This last method has the advantage of providing a measure of the Introduction   
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real amount of material entering or leaving the system; therefore, it can be used as 
calibration for other non-observational method, as demonstrated in Chapter 5. 
Physical modelling 
Physical models are small-scale prototypes or representations of the study area in a 
laboratory, which provide engineers with the great advantage of trial and error, 
something impossible in ‘real life’ due to the immense economic and social costs 
associated to the failure of coastal structures or management strategies. Physical 
modelling  also  has  the  advantage  of  allowing  researchers  to  evaluate  physical 
processes that are not well enough understood, to be described by mathematical 
formulations (Kamphuis, 2000).  Nevertheless,  they are very expensive and  they 
present  scaling  problems,  being  most  suited  to  plan  larger  coastal  projects; 
therefore they were not considered for the present study. 
Numerical modelling 
Mostly,  when  design  is  not  involved,  when  we  seek  for  quantitative  instead  of 
qualitative results or when the study is for a small project, such as the present one, 
the best alternative is numerical modelling. In contrast with physical modelling, 
every  part  of  the  process  in  the  model  must  be  fully  understood,  calibrated, 
validated and verified, if valid results are to be obtained (Kamphuis, 2000). The 
majority  of  mathematical  approaches  developed  to  calculate  littoral  transport 
include many  variables.  The problem arises  when  some  of  these  variables, like 
force  coefficients,  are  difficult  to  calculate  experimentally,  not  allowing  the 
formula  to  be  calibrated.  Drag  and  inertial  coefficients  have  been  reported  to 
introduce great error to the calculations (Kamphuis, 1966; Silvester, 1974). When 
the uncertainties derived from these constants and coefficients are important, the 
ability to interpret the results becomes very important.  
There  are  two  basic  approaches  to  numerical  modelling:  the  wave  energy  flux 
approach and the shear-stress modification approach (Kamphuis et al., 1986). The 
wave energy flux approach assumes that the sediment entrainment mechanism is 
totally and only related to energy dissipation in the breaking zone and the result is 
an expression for total sediment transport rate across any line perpendicular to the Introduction   
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beach. This method is based on the concept of conservation of energy. It assumes 
that  the  total  wave  energy  arriving  at  the  shoreline  will  be  converted  into 
movement  of  sediment.  This  includes  nearshore  sand  bars  as  well  as  beach 
material. The advantage of this approach is that it can simplify four-dimensional 
coastal problems to be evaluated by 1-D models. This method however does not 
yield a distribution of sediment transport perpendicular to the beach. The first 1-D 
model was proposed by Pelnard-Considère (1956 in Osaza and Brampton, 1980): 
his model assumed that when erosion or accretion occurred, the defined shoreline 
will  simply  move  up  and  down  the  profile.  He  validated  his  model  with  field 
experiments of beach response at a groyne. 
The  second  approach,  that  of  shear-stress  modification,  relates  sediment 
entrainment to the shear stresses generated by the combination of both waves and 
currents. In this method, the currents are derived using the equations of motion and 
continuity. The velocity distribution is then introduced into a bedload expression 
for  unidirectional  flow  (such  as  those  described  in  the  section  above).  Some 
bedload expressions have been modified to take into account bedform as well as 
shear stresses resulting from wave action (Bijker, 1971). Other modifications have 
been  that  of  Engelund  and  Hansen  (1967)  expression  by  Swart  (1976),  or  the 
modification  of  the  Bagnold  (1966)  total  load  expression  by  Walton  and  Chiu 
(1979). This approach  models  the physics of the  process more closely  than the 
wave energy flux approach and can be used in a 2-D or a 3-D form, if built into a 
3-D hydrodynamic model. 2-D models are used, for example to vertically integrate 
fluid flow velocities. Other types of 2-D models ignore the longshore component 
to vertically evaluate the cross-shore direction (Kamphuis, 2000). Bakker (1968)  
and Bakker et al (1970) introduced some 2-D aspect to sediment transport plan-
shape  models.  They  divided  the  beach  profile  into  vertical  subsections  and 
performed a 1-D calculation, for each. 
Wave energy flux-based equations 
The Shore Protection Manual (CERC, 2000) presents a summary of the evolution 
of the energy-based longshore transport formulations. The most important studies 
commented  upon  in  that  summary  listed  mentioned  here.  Scripps  Institute  of Introduction   
1.2 Background and theory                                                                                  39 
Oceanography  (1947)  were  first  to  use  a  formula  to  predict  littoral  sediment 
transport based on wave energy. This was later developed and applied by the U.S. 
Army  Corps  of  Engineers  (1950).  The  formulae  were  calibrated  against  field 
measurements  by  Watts  (1953)  and  Caldwell  (1956).  Savage  (1962)  used  the 
available data from the above mentioned studies to develop and equation which 
was later adopted by the U.S. Army Corps of Engineers, which became known as 
the  ‘CERC  formula’.  Komar  and  Inman  (1970)  calibrated  an  immersed  weight 
version of the formula against field measurements. This last version was updated 
by the U.S. Army Corps of Engineers (CERC, 1984) and became the most widely 
used littoral transport formulation: 
    l l KP I =                                                 (1.31) 
where  Iℓ  is  the  immersed  weight  transport  rate  (kg/s).  K  is  a  coefficient  which 
value is the cause  of discussion amongst researchers, Komar and Inman  (1970) 
suggest a value of 0.77 for K under breaking conditions. A value of 0.39 is used in 
the Shore Protection Manual (1984) based on computations utilizing the significant 
wave height (CERC, 2000). A full review of values of K under different conditions 
can  be  found  in  CERC  (2000).  Finally,  the  most  important  variable  within  the 
formula, Pℓ is the potential longshore sediment transport rate: 
    ( ) b b b g EC P α α cos sin = l                                    (1.32) 
where Eb is the wave energy evaluated at the breaker line, Cgb is the wave group 
speed at the breaker line and αb is the angle of wave incidence at breaking. The 
CERC equation has been used in numerous numerical models which evaluate the 
shoreline plan shape such as GENESIS, ONELINE or BEACHPLAN (Brampton 
and Motyka, 1987; Dabees and Kamphuis, 1998; Larson et al., 1997). 
Kamphuis (Kamphuis, 1991) modified the CERC equation to include the effects of 
wave period, beach slope and grain size: 
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where Q is m
3/hr (1.33a) and m
3/a (1.33b) of sediment underwater, Tp is the peak 
spectral wave period recorded every hour and mb is the slope of the beach at the 
breaking point. Since the formula simulates the potential movement, the use of a 
uniform sediment size is reasonable (Kamphuis, 2000). 
Variability in drift rates and post-storm maxima have been studied by Kraus and 
Dean (1987), and Anderson and Fredsoe (1983). They found that transport varies 
directly with surf zone width, which is at its greatest during storm events. 
Several  comparisons  of  the  results  obtained  with  the  equations  of  Komar  and 
Inman (1970), Walton (1980), CERC (2000), and Kamphuis et al. (1991; 1986) 
have been carried out (Balouin et al., 2005; Larangeiro et al., 2003; Miller, 1998; 
Tonk and Masselink, 2005; Wang et al., 2002). Wang et al (2002) found the CERC 
formula  accuracy  to  be  ±  30-50  percent,  and  Kamphuis’  formula  to  predict 
consistently lower total longshore transport rates than those predicted by the CERC 
formula. Kamphuis formula was also found to produce results nearly one order of 
magnitude lower than measured values (Miller, 1998). Tonk and Masselink (2005) 
also evaluated different longshore transport equations, and compared the results 
with  in  situ  measurements.  They  observed  that  most  equations  predict  the 
suspended longshore transport rate well, but underestimate the total transport rate 
by  a  factor  of  two.  The  Kamphuis  formula  underestimated  both  suspended  and 
total longshore transport rates. Larangeiro et al (2003) and Balouin et al. (2005), 
on  the  other  hand,  found  that  Kamphuis’  equation  produced  the  most  accurate 
prediction  of  longshore  sediment  transport  rates.  Kamphuis’  values  were  also 
found to be  the smallest  of  all in  both  cases,  by  up  to five  times  compared  to 
Komar  and  Inman  (1970),  and  Walton  (1980).  Kamphuis  (1991)  equation  was 
therefore chosen as the most appropriate expression for the numerical evaluation of 
littoral drift in method 1 of this Chapter 5.  
 
2 Physical setting of the study region 
 
 
 
 
2.1 Venice Lagoon 
Venice Lagoon is the largest coastal lagoon in the Mediterranean Sea and the most 
important survivor of the system of lagoons, which in Roman times characterised 
the upper Adriatic coast from Ravenna to Trieste in the northeast of Italy (Fig. 2.1) 
(Brambati et al., 2003). It is bounded by the Sile River to the North and Brenta 
River to the South, and separated from the northern Adriatic Sea by a series of 
slender, sandy barrier islands, typical of a microtidal coast (Hayes, 1979). This 
restricted lagoon covers an area of 550 km
2, being 55 km long and 8-14 km wide 
(Brambati et al., 2003), of which 80% is tidal flats, 8% is exposed land, and only 
11% is permanently covered by water (within channels). The average depth is 1 m, 
over the lagoon, but the maximum depth can be up to 15 m in channels (Umgiesser 
et al., 2004b).  
Water exchange between the lagoon and the Adriatic Sea is mostly driven by tides 
(Umgiesser et al., 2004a), and takes place through three inlets, Lido, Malamocco 
and Chioggia (from north to south, see Fig. 2.1). The tide is semi-diurnal; it has an 
average range of 0.55 m that increases to 1.1 m during spring tides (Goldman et 
al., 1975). There are two predominant wind directions over the region: the north-
easterly Bora and the south-easterly Sirocco. Wind plays a major role in modifying 
the circulation of the flooding and ebbing tide (Gačić et al., 2004; Solidoro et al., 
￿￿ð￿￿￿￿,  thus  affecting  water  levels,  residence  times,  and  the  transport  of 
solids. Physical setting of the study region 
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Figure 2.1 Venice Lagoon and its location in Italy (CVN, 2006a)
2.2 Geology 
The presence of rivers has had a determinant role in the lagoon’s present geology 
and morphology. The superficial geology of the Venice region is predominantly 
alluvium  from  the  Brenta  River  (Fig.  2.2).  The  northern  part  of  the  lagoon  is 
underlain by alluvium from the Piave River, from the southern limits of Treviso 
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(25 km north of the lagoon), to the northeast of the lagoon. The southern parts of 
the lagoon, on the other hand, are formed by alluvium from the Adige River and 
from the Po River, to the southwest of the lagoon. The coast is characterised by 
more  recent  deposits  in  the  form  of  sandy  barriers  composed  of  medium/fine 
calcareous sand from the Piave River in the northern and central barrier islands, 
and from the Brenta and Adige rivers in the southern barrier islands. 
The bottom sediments of the lagoon consist mainly of clayey silt, with a mean mud 
content  of  approximately  80%.  The  silt  fraction  dominates,  and  is  44-61%  on 
average.  The  sediment  distribution  within  the  lagoon  has  a  clear  trend;  finer 
sediments are found in the northern basin, whilst coarser sediments are found in 
the Southern Basin and near the inlets (Fig. 2.3) (Bondesan and Meneghel, 2004; 
Molinaroli et al., 2007). The north-central bottom sediments have very high mud 
contents (75% to >90%), the Southern Lagoon has a lower content (70% to 50%), 
whilst the 3 inlets present similar values of less than 50%. Alternatively, Bonardi 
et al. (2005) have determined that the average percentage of sand is highest in the 
Southern Basin and lowest in the northern basin. The distribution of sediments and 
higher sedimentation rate observed in the northern lagoon reflect the higher river 
supply in the northern basin (Zonta et al., 2005). 
The rivers that flow into the northern part of the lagoon drain the Dolomites basin, 
whilst the rivers that flow into the southern part of the lagoon drain the Alps basin. 
This difference is manifested in the carbonate and silicate content of the sediments 
they carry. Bonardi et al. (2005) found  that  there is a  higher level of carbonate in 
the  sediments  found  in  the  northern  basin,  whilst  the  Southern  Basin  is 
characterised  by  silicate-rich  sediments.  This  pattern  of  mineralogy  is  observed 
also in the barrier islands, which are fed by sediments from rivers that flow into 
the Adriatic, such as the Piave and Sile to the north of the lagoon, and the Brenta 
and  Adige  to  the  south.  The  islands  of  Cavallino,  Lido  and  Pellestrina  are 
composed of carbonate-rich sediments, whilst the sediments found in Isola Verde 
and Pellestrina are silicate-rich (Fig. 2.3). Physical setting of the study region 
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Figure 2.2 Rivers and fluvial alluvium deposits in the Venetian basin 
(modified from APAT, 2005) 
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Figure 2.3 Geomorphology of the Venetian region (modified from Bondesan 
and Meneghel, 2004) Physical setting of the study region 
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This pattern agrees with littoral drift studies (Brambati et al., 1978; Gatto, 1984), 
which identified southerly transport along Cavallino and Lido, and in a northerly 
direction  in  the  southern  parts,  such  as  Sottomarina  and  Isola  Verde.  Farther 
offshore (2-3 km from the coast), there is a 5 km wide ‘mud belt’ stretching along 
the length of the lagoon (Albani et al, 1998); the silts and clays here are thought to 
have been supplied by the northern Adriatic rivers, such as the Piave (Brambati et 
al., 1978). Sand deposits can be found also offshore, in the form of paleo-beaches 
(Albani et al., 1998). 
2.3 Origin and morphological evolution 
The morphological evolution of the region in which Venice Lagoon is found (the 
Venetian-Friulian plain) has been controlled by climatic change and eustacy, since 
the late Pleistocene (Fontana et al., 2008). During the pre-Pleistocene, the region 
was deep water, until it was infilled by lateral progradation with deltaic sediments 
that formed a continental shelf between 600,000 and 300,000BP (Massari et al., 
2004). Subsequent glacio-eustatic level changes gave rise to Venice Lagoon, which 
formed at around 6,000BP as a result of the Flandrian marine transgression (Gatto 
and Carbognin, 1981); although there is evidence that a primitive lagoon existed in 
the area since 8,000BP (Tosi et al., 2007a; Tosi et al., 2007b).  
The  Venetian-Friulian  plain  is  located  in  a  complex  foreland  where  the 
Southalpine and Apenninic regions meet, that developed during the Serravallian-
Messinian  and  early  Pliocene-Pleistocene  times,  respectively  (Brambati  et  al., 
2003).  The depositional sequence of the region is summarised by Brambati et al. 
(ibid) (Fig. 2.4), based upon the interpretations of borehole data made by Kent et 
al.  (2002)  and  Massari  et  al.  (2004),  as  described  below.  The  deeper  post-
Messinian  layer  is  formed  by  deep-sea  hemipelagic  sediments,  which  were 
deposited  during  the  Pliocene  to  middle  Pleistocene,  covering  the  eroded 
Messinian  surface:  the  Santerno  Clays.  The  Santerno  Formation  is  confined 
between  the  Messinian  unconformity  and  the  overlying  Pleistocene  Asti  Sands, 
which have a fairly uniform thickness of 1,000 m. The Asti Sands are formed of a 
series of turbidites fed from the eastern Alps, followed by deltaic sedimentation Physical setting of the study region 
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that  led  to  the  progressive  infill  of  the  basin,  shallow-marine  deposits,  and 
continental deposits (in a successive order, from the bottom). 
The upper part of the succession shows cycles of submergence of the Venice area 
during  glacio-eustatic  highstands  and  emergence  during  glacial  lowstands.  The 
uppermost  pre-Holocene  marine  deposits  are  represented  by  shallow-sea  and 
lagoon sediments of the last Interglacial period (Eemian) (Fontana et al., 2008) 
which, in the Venice area, lie at a depth of 70–80 m (Massari et al., 2004). Then 
the  sea  level  lowstand  of  the  final  glacial  episode  of  the  Pleistocene  (LGM) 
brought  the  shelf  under  continental  conditions  (Fontana  et  al.,  2008).  The 
Holocene-Pleistocene boundary is marked by an erosional unconformity located 
over a clay layer called caranto, which is over-compacted due to the dry climate 
during this phase of sea  level lowering  (Brambati et al., 2003). The  caranto is 
present across Venice Lagoon at a depth varying between 5 and 23 m below Chart 
Datum. It is deepest in the northern and southern extremes of the littoral (Tosi et 
al., 2007b; Tosi et al., 2007c), and emerges at some points on the mainland.  
 
 
Figure 2.4 Sedimentological model of the Gulf of Venice basin (modified from  
Brambati et al., 2003) 
The first presence of marine-lagoonal Holocene deposits is dated 10,000-11,000BP 
(Bortolami  et  al.,  1985).  The  Adriatic  coast  migrated  northwards  at  around 
8,000BP, from the position occupied now by the Po delta (Fig. 2.2), as a result of 
post-glacial sea-level rise (Fontana et al., 2008), and the Flandrian transgression 
that  submerged  the  caranto.  It  was  during  this  last  marine  highstand  that  the 
lagoon was formed (6,000-7,000BP) (Bortolami et al., 1985; Gatto and Carbognin, Physical setting of the study region 
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1981). When the waters rose, the plane was inundated and the coast was delineated 
in more and less the same position as the present time. The abundant supply of 
sediment from the  Piave  and  Adige  Rivers  (Fig.  2.2)  was  distributed  along  the 
coast to form a series of barrier islands that separated the lagoon from the sea. This 
lagoon was originally smaller and connected to the Adriatic by 8 inlets (Brambati 
et  al.,  2003;  Gatto  and  Carbognin,  1981).  The  early  Holocene  sediments  are 
represented by a discontinuous layer of silt and sand, often chaotic in structure, 
mixed  with  shelly  marine-lagoon  sands  (Brambati  et  al.,  2003).  The  Holocene 
sequence accumulated at a steady rate of 1.1 mm/a until 1500AD; thereafter, the 
accumulation rate slowed to 0.5 mm/a, reflecting a diminishing sediment supply 
(Serandrei-Barbero et al., 2006): Sedimentation in the tidal channels is reported as 
6-7 mm/a. Interestingly, the highest sedimentation rate prior to 1500AD was in the 
southern part of the Lagoon (presumably due to the proximity to the outflow of the 
Brenta  and  Adige  rivers).  Today,  the  accumulation  is  greatest  in  the  northern 
lagoon, perhaps reflecting a changing supply of fine sediments from outside the 
lagoon via the Lido inlet, rather than from river input (Amos et al., 2010a).  The 
average  sedimentation  rate  in  the  lagoon  is  about  5  mm/a,  although  erosion  is 
prevalent  near  Malamocco  and  Chioggia,  as  indicated  by  radionuclide  studies 
(Battiston et al., 1988; Zoppi et al., 2001). 
2.4  Human interference and recent evolution 
Human  presence  has  played  a  very  important  role  in  the  recent  morphological 
evolution  of  Venice  Lagoon.  Due  to  its  characteristics,  Venice  Lagoon  has 
provided the  perfect site  for  human  settlement.  It is formed  of tidal flats, tidal 
channels and islands, separated from the Adriatic by sand barriers. Its layout and 
location represented a great strategic advantage, both for trade and the protection 
of the inhabitants of the islands. Venetians depended on the lagoonal setting and, 
thus, the preservation of the  lagoon characteristics was imperative and led  to a 
long history of human interference and engineering. 
The city of Venice was founded in the 9
th Century; however, human works in the 
area  can  be  traced  back  to  Roman  times,  when  salt  production  took  place.  In Physical setting of the study region
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silting up and subsequently disappeared (Mazzacurati, 1996). The main efforts to 
artificially maintain the depth of the lagoon took place in the 16
th Century, when 3 
rivers,  the  Sile,  Brenta  and  Piave,  were  partially  diverted  out  of  the  lagoon 
(Campostrini, 2004). This reduced the combined input of freshwater from these 
rivers to 30-40 m
3/s. The Po River was then diverted southwards in 1604, to reduce 
the  impact  of  the  Po  turbid  plume  on  sedimentation  in  Venice  Lagoon 
(Mazzacurati, 1996). Other small rivers still contribute 15-17 m
3/s of freshwater to 
the lagoon (Morin et al., 2000). Total values of 35 m
3/s of freshwater discharge are 
mentioned by Gačić et al. (2004). Nowadays, most of the river discharge is in the 
North Basin, which received more than 50% of the total load of nutrients from the 
tributaries in 2001 (Solidoro et al., 2004a). 
The diversions of the major rivers from the lagoon, into the Adriatic, changed the 
dynamics  of the Venetian  littoral. The artificially-created  outflow of the Brenta 
River blocked, almost entirely, the supply from the Po in the south. It interrupted 
partially  the  contribution  from  the  Adige,  so  that  Sottomarina  and  Pellestrina 
became dependant upon the sole supply of the Bacchiglione and Brenta rivers. On 
the other hand, the supply from the north became greatly enhanced by the Piave 
contribution, influencing Cavallino, Lido and part of Pellestrina (Fig. 2.5), which 
is  a  transition  area  between  the  main  southerly  drift  and  the  weaker  northerly 
transport (Gatto, 1984).  
The  evolution  of  the  inlets,  prior  to  their  entrainment,  is  illustrated  by  Gatto 
(1984). He points out that this period was characterised by accretion of the littoral, 
particularly  Cavallino and Sottomarina, due to their vicinity  to the rivers.  Only 
Pellestrina, which was farthest away from the supply, had erosion problems, so 
much so that it was protected by a rudimentary wooden sea-wall constructed by the 
end of the 13
th Century. From that point onwards, various attempts to protect the 
littoral from erosion and to secure the navigability of the channels were carried 
out, but were of a temporary nature. The estimated influx of sediment from littoral 
drift through the inlets and into the lagoon, at that point, was 300,000 m
3/a (CVN, 
1996).  The dominance of the southerly transport was evident from the morphology 
of the inlets and orientation of their main channels as seen in historical maps  (Fig. Physical setting of the study region 
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2.6) (Balleti, 2006; Gatto, 1984). There is also evidence from historical maps of 
the presence of south-oriented ebb-tidal deltas associated with Lido and Chioggia 
Inlets (Balleti, 2006; Fontolan et al., 2007). The presence of these ebb-shoals and 
the constant shoaling of the inlet channels were a problem for the navigation, even 
causing some shipwrecks (Gatto, 1984). An additional effect of the river diversions 
was the reduction of the area of the tidal basin, by the artificially created track of 
the Brenta River, which cut off an entire section of the original Southern Lagoon 
(Ministry for Water Infrastructure - Venice Water Authority, M.A.V., 2005). 
The murazzi (sea walls) were built around the 17
th Century, to protect the barrier 
islands from wave attack. Later, the need to constrain the natural changes at the 
inlets led to the construction of groynes and breakwaters, during the late 19
th and 
early 20
th Centuries (Campostrini, 2004). The ebb-tidal deltas that existed in Lido 
and Chioggia  Inlet,  prior  to  the construction  of  the jetties, eroded  rapidly  after 
their  construction.  The  first  jetties  were  built  in  Malamocco  between  1808  and 
1840, then in Lido between 1880 and 1897 and, finally, in Chioggia between 1911 
and 1933. From that point onwards, the inlets’ natural equilibrium has continued to 
be affected by periodical maintenance dredging. The construction of the jetties has 
led to accretion of the coast, of the order of tens of metres per year; this is because 
sediment has become trapped by these structures. Balleti (2006) digitised a series 
of  historical  maps,  to  illustrate  the  evolution  of  the  inlets  over  the  last  two 
centuries, including the changes resulting from the entrainment  of the inlets (Fig. 
2.6). There are now spits extending from the coast and newly formed ebb-tidal 
deltas,  evidence  of  the  great  amount  of  sand  being  transported  alongshore 
(Fontolan et al., 2007).  
In 1910, an industrial area was created in Marghera. To boost its development, a 
port development was built, which required the dredging of channels to connect 
the Malamocco inlet to the terminal. Artificial islands, which now lay abandoned, 
were also created for further industrial growth  south of the port area  (Fig.  2.1) 
(Campostrini, 2004).   Physical setting of the study region 
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Figure 2.6 Plan views of digital models of Lido (A1-A5), Malamocco (B1-B5) 
and Chioggia (C1-C5) obtained from the analysis of historical maps 
corresponding to the last two centuries (Balleti, 2006). The images show the 
change in inlet morphology before and after construction of the jetties 
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Following industrial development, fish farms were introduced in the northern and 
southern parts of the lagoon (Campostrini, 2004). Libralato et al. (2004) carried 
out a study  of the trophic levels and ecological stages of Venice  Lagoon, from 
1945 to 2001.  They found that the introduction and spreading of the Manila clam, 
a non-native species, has had a dominating role over the ecosystem since 1990. 
Fishing techniques, such as mechanical harvesting have caused impacts on habitat 
and benthic communities, leading to a non-sustainable situation in the long-term 
(Sfriso et al., 2005). 
In total, over 160 km
2 of the lagoon has been drained for commercial purposes. 
Other causes for  the loss  of  habitat are summarised  by  Carbognin and Cecconi 
(1997):  (1)  controlled  river  input;  (2)  increased  boat  traffic  and  boat  size;  (3) 
maintenance  and  capital  dredging;  (4)  relative  sea  level  rise;  and  (5)  increased 
storminess. It is estimated that 70,000 m
3 of sediment erode annually from the salt 
marshes  (Mazzacurati,  1996).  Sarretta  et  al.  (2010)  carried  out  a  bathymetry 
comparison of the lagoon and found that the area of salt marsh has diminished by 
more than 50%, from 68 km
2 in 1927 to 32 km
2 in 2002. This erosion is occurring 
due to increased wave energy from relative sea-level rise and an increase in boat 
traffic:  areas  that  were  previously  protected  from  natural  waves  are  now 
experiencing constant impacts from artificially-generated ones. The salt marshes in 
Venice could disappear by 2045 if the current rate of erosion of 4 cm/a continues 
(Day et al., 1999). The northern basin is the only area which seems to be escaping 
the  trend  or  erosion.  Sediment  supplied  by  river  discharge  (Zonta  et  al.,  2005; 
Zuliani et al., 2005), bio-stabilisation, and potentially the import of fine sediment 
through Lido inlet (Amos et al., 2010b) are helping to reverse the erosive trend . 
This area has been found to be accreting by 5.2 mm/a (Cappucci et al., 2004). 
The last attempt to “manage” the lagoon, through hard engineering solutions, is the 
MOSE project, a series of storm gates that are being installed across the three tidal 
inlets,  to  prevent  very  high  water  levels  from  entering  the  lagoon  and  causing 
flooding (aqua alta, see Fig. 2.7) (Campostrini, 2004).  
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Figure 2.7 Structures composing the MOSE system at each inlet, and detail of 
the barrier system (inset, www.salve.it, 2010) 
The MOSE project is the result of years of debate over how to solve the flooding 
of  Venice. Following  the great flood of  1966, the decision was made  to find a 
solution to the ever-increasing aqua alta. After a long and complicated process of 
consideration of alternatives, studies, physical modelling, and legislation, the go-
ahead for the project was finally given in 2003 by the Committee for Planning, Co-
ordination  and  Control  (the  "Comitatone"),  convened  in  Rome.  Construction  of Physical setting of the study region 
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detached breakwaters has been concluded at Malamocco and Chioggia, an artificial 
island  that  will  join  two  sections  of  the  barrier  is  also  complete  at  Lido,  and 
construction of refuge ports, navigation locks, and operational areas are under way 
in all three inlets (www.salve.it, 2010). Despite the project being halfway through 
completion,  the  system  is  highly  controversial  and  is  still  debated.
2.5 Relative sea level rise 
The relative elevation of sea level, with respect to the city of Venice, is influenced 
by a combination of land subsidence, and eustacy (Gatto and Carbognin, 1981). 
Land subsidence is the lowering of the land surface and is caused by a variety of 
subsurface displacement processes. Eustacy, on the other hand, is the long-term 
change of sea level and contributes to reduce the elevation differences between the 
land surface and the sea level (Carbognin et al., 2004).  
In the Venice coastal area, land subsidence has resulted from natural causes such 
as sediment consolidation and tectonic movements, and it has been accelerated by 
human  intervention  in  the  form  of  water  extraction  from  the  subsurface, 
reclamation,  and  drainage  of  coastal  lowlands  rich  in  organic  soils.  Sediment 
compaction has been continuous since the Quaternary and continues to affect the 
area (Carbognin and Tosi, 2002). This compaction is accelerated by the weight of 
buildings and it has been recently noted by Strozzi et al. (2009) that the burden of 
the MOSE structures is causing an increase in the ‘sinking’ rates.  Tectonically, the 
Venice area has been subjected to southward-tilting since the Upper Miocene, by 
the  northward  expanding  Apennine  foredeep  (Fontana  et  al.,  2008).  Water 
extraction from the sub-soil was greatest between 1930 and 1970, but was stopped 
when  it  was realised  that  it  contributed to the  subsidence  rates  (Carbognin  and 
Cecconi,  1997).    Frassetto  (2005)  shows  that  before  1925  and  after  1975, 
subsidence  in  Venice  (which  was  largely  natural)  was  only  0.4  mm/a;  between 
1925 and 1969, this increased to  3.2 mm/a in response  to water extraction  and 
compaction. Sinking rates reached a peak of 17 mm/a in 1968/69 in the industrial 
region  of  Mestre/Marghera  (Fig.  2.1),  and  7  mm/a  in  the  historical  centre  of 
Venice. Tosi et al. (2002) and Teatini et al. (2007) have shown that the present rate Physical setting of the study region 
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of subsidence in Venice is 1 mm/a, although some buildings are settling at 2-3 
mm/a  due  to  local  maintenance  or  structural  instabilities.  Teatini  et  al.  (2005) 
carried out a detailed monitoring and mapping of regional land subsidence in the 
Veneto  Region.  They  integrated  five  different  methods  (spirit  levelling,  DGPS, 
CGPS, InSAR and IPTA) into a Subsidence Integrated Monitoring System (SIMS). 
They found that the central lagoon, including the city of Venice, is generally stable 
while  the  northern  and  southern  lagoon  bordering  areas  are  sinking  at  rates 
averaging  3  to 5  mm/a.  This  agrees  with  previous findings  of Carbognin  et al. 
(Carbognin  et  al.,  2004).  Frassetto  (2005)  and  Carbognin  et  al.  (in  press)  have 
demonstrated a eustatic contribution of 1.2±0.001 mm/a between 1890 and 2007. 
During  the  last  century,  the  relative  lowering  of  Venice  has  totalled  23  cm, 
consisting  of  about  12  cm  of  land  subsidence,  both  natural  (3  cm)  and 
anthropogenic (9 cm), and 11 cm of sea-level rise.  
2.6 Hydrodynamics 
One  of  the  most  important  physical  factors  in  understanding  the  complexity  of 
Venice Lagoon, as a system, is its hydrodynamics; this, in turn, is influenced by 
the action of tides, winds, and freshwater input into the lagoon. Here we present an 
overview of the effect of such forcings on water circulation. 
2.6.1 Tides 
According  to  Umgiesser  et  al.  (2004a),  water  circulation  in  Venice  Lagoon  is 
controlled essentially by sea level at the inlets. The maximum discharge through 
the three tidal inlets is 20,000 m
3/s, which is equivalent to 175 million m
3 during 
neap  tides  and  350  million  m
3  of  discharge  during  spring  tides  (Mazzacurati, 
1996). The amount of water that flows in and out during each tidal cycle amount to 
around a third of the total volume of the lagoon (632 million m
3) (Umgiesser et al., 
2004a). The propagation of the tidal wave is through the major channels and then 
to  the  shallow  tidal  flats.  Semi-diurnal  constituents  (M2,  S2,  N2,  K2)  are 
responsible for about 80% of the flow variance (Gačić et al., 2004).  It has been 
found that the structure of the tidal signal changes throughout the area: near the Physical setting of the study region 
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inlet,  semidiurnal  oscillations  prevail  while  diurnal  fluctuations  (K1,  P1,  O1) 
dominate at the open sea (Kovačević et al., 2004). The tide propagates through the 
lagoon through the southern parts first, which is the opposite direction of both the 
semi-diurnal  and  diurnal  tidal  signals  in  the  open  Adriatic  currents.  M2  tidal 
currents in Chioggia lead those of Malamocco by 17 minutes and those of Lido by 
43 minutes. Maximum current speeds occur immediately before high water (0.7 
m/s at Lido and Malamocco, and 0.5 m/s at Chioggia) (Gačić et al., 2004).  
Mancero-Mosquera et al. (2010; 2006) used an ADCP fixed to the bottom of the 
inlets,  to  evaluate  flow  characteristics  in  the  three  inlets.  The  mean  monthly 
outflow at Chioggia ranges between 2 and 6 cm/s. The tidal asymmetry measured 
at the three inlets indicates that Chioggia and Malamocco are ebb-dominant, while 
Lido  inlet  is  slightly  flood-dominant  (Helsby,  2008;  Tambroni  and  Seminara, 
2006; Umgiesser et al., 2009).  
2.6.2 Winds 
In  addition  to  the  effect  of  tidal  forcing,  surface  and  bottom  flows  can  be 
correlated  with  the  prevailing  winds:  Bora  (wind  blowing  from  northeast)  and 
Sirocco (wind  blowing from southeast). According  to Gačić et al. (2004), Bora 
winds  generate  inflow  through  Lido  and  outflow  through  Chioggia,  whereas 
Sirocco winds drive the flow into the Chioggia Inlet, generating a set-up towards 
the north of the lagoon, which partly causes the aqua alta phenomenon. Solidoro et 
al. (2004a) found similar results through simulations of flow forcing under three 
scenarios: Bora wind, Sirocco wind, and normal  conditions, and concluded that 
Chioggia Inlet has the potential to export sediment under all conditions, except for 
the Sirocco wind. 
Bora  winds  are  the  strongest  in  the  Veneto  region,  but  the  Sirocco  is  the  one 
responsible  for  the  flooding  of  Venice  (Gačić  et  al.,  2004;  Umgiesser  et  al., 
2004b). Aqua alta results from the effect of prolonged southeasterly winds blowing 
over the Adriatic and pushing the water, thus elevating the water level on the north 
Adriatic  and  the  lagoon.  This,  added  to  the  previously  described  increase  in 
relative sea level rise, generates unusually high tides of up to 1.2 m above datum Physical setting of the study region 
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of  the tide gauge at  Punta  della  Salute on, an  average, of once a year. The  4
th 
November, 1966 flood, the most devastating aqua alta event recorded in Venice, 
reached a level of 1.94 m above datum at Punta della Salute (www.salve.it, 2010). 
Umgiesser et al. (2004b) used a coupled hydrodynamic-wave model to reproduce 
the effects of winds and wave-current interaction. It was found that wave-current 
interaction is the physical force behind the bottom shear stress, which is the main 
forcing factor for erosion and deposition, and that bottom stress is related to wind 
speed, not wind direction. Also, that bottom stress due to currents alone is stronger 
in the deeper channels, but when it is due to waves-only it is stronger over the tidal 
flats because the wave influence is negligible in the deeper parts. Stress due to 
currents-only  is  stronger  during  inflow  and  outflow  than  at  maximum  and 
minimum tidal levels. When both waves and currents are taken into account, there 
is a typical increase of 15-20% in bottom stress on the mudflats (and shallower 
areas,  in  general);  whereas  the  enhancement  due  to  wave-current  interaction  in 
deep  channels  is  somewhat  low.  Areas  undergoing  erosion  under  these 
circumstances appear higher during inflow, than outflow. This might be due to the 
fact that average water levels in the Northern Lagoon are lower during incoming 
tides. It was found that results from the model can be correlated strongly to the 
analysis of erosion areas undertaken with bathymetry data from CNR. 
Kovačević, et al. (2004) studied an area of 120 km
2 of the adjacent Adriatic, using 
HF radar measurements, reaching 15 km offshore to a maximum depth of 20 m. 
Current measurements carried out in the littoral of Venice Lagoon show that tidal 
forcing accounts for only 20% of the variability (it is up to 90% in the inlets). 
Longshore  drift  was  found  to  be  related  strongly  to  wind  conditions,  with  the 
predominant southerly currents being enhanced by Bora events, and with reversals 
observed during particularly strong Sirocco winds.  
2.6.3 Fresh water discharge 
Freshwater is discharged into the lagoon from 12 major tributaries, which transport 
into the lagoon a large nutrient load, from the 1877 km
2 drainage basin (Fig. 2.2) 
(CVN, 1997; Solidoro et al., 2004a; Zonta et al., 2005; and Zuliani et al., 2005). Physical setting of the study region 
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The largest tributaries are located in the northern lagoon area. This region received 
more  than  50%  of  the  total  load  in  2001,  35%  of  the  total  discharge  from  the 
Silone and 21.1% from the Dese (Molinaroli et al., 2007; Solidoro et al., 2004a). 
As  most fluvial input is into the Northern  Basin of the lagoon, not only is the 
salinity  lower  there,  but  there  are  also  more  nutrients  available  (Zuliani  et  al., 
2005). Industrial areas play also a big role in the distribution of heat and nutrients, 
causing the physical and water quality parameters in the lagoon to exhibit large 
spatial and time variability (Solidoro et al., 2004b). Residence times are between 
24 hours close to the inlets (Carbognin and Cecconi, 1997; Ravera, 2000) and 30 
days in the inner lagoon (Cucco and Umgiesser, 2006; Molinaroli et al., 2007). 
Molinaroli et al. (2007) showed that there is a correlation between residence time 
and  sediment  distribution,  with  higher  residence  times  observed  in  areas  with 
higher contents of mud, such as the Northern Basin.  
Solidoro et al. (2004a) used the previously applied and calibrated finite element 
model SHYFEM (Umgiesser and Bergamasco, 1993; Umgiesser et al., 2004a) to 
partition  the  Venice  Lagoon  into  four  physically  homogeneous  areas,  and  to 
investigate  the  propagation  of  tidal  waves,  water  level  set-up,  and  internal 
circulation in the lagoon. They used then the spatial distribution of salinity (as a 
function of river discharge and sea water exchange), to subdivide each of the 4 
basins into 3 sub-basins.  
2.7 Sediment transport 
2.7.1 Exchanges between the lagoon and the sea 
The marked decrease in sediment supply to the lagoon, following the diversion of 
rivers, has altered the delicate balance of this coastal system that now exports more 
sediment  than  it  imports  (Campostrini,  2004).  Although  there  are  some  areas 
undergoing accretion, such as the northern part of the lagoon (which receives most 
of  the  river  discharge),  as  a  whole  it  presents  a  net  loss  of  1,000,000  m
3/a  of 
sediment (Mazzacurati, 1996). More recent studies have suggested an increase in 
export by a factor of 4 (Lee, 2006). As a result, the average water depth of tidal Physical setting of the study region 
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flats in the lagoon has increased by more than 0.5 m during the last century (Runca 
et  al.,  1996).  Illegal  clam  fishing  is  considered  responsible  for  accelerating 
sediment erosion in the lagoon tidal flats (SELC, 2007; Sfriso et al., 2005). The 
method consists of dragging a trap to collect the clams; this not only re-suspends 
sediment, which is then carried out of the lagoon by tidal currents, but breaks the 
natural surface cohesion of the bed, making it more prone to erosion.  
Studies have been undertaken to evaluate  the transport of sediment through  the 
inlets, in an attempt to correlate it to the negative sediment budget of the lagoon. 
Rates of loss obtained from bathymetric changes are of the order of 800,000 m
3/a 
(Sarretta  et  al.,  2010).  These  rates  compare  well  with  those  of  Cabognin  and 
Cecconi (1997), who postulated a net loss of around 1,000,000 m
3/a, from which 
700,000 m
3 is lost through the inlets and a further 300,000 m
3/a are lost due to 
dredging  of  navigation  channels.  Umgiesser  et  al.  (2006)  upgraded  the  CNR 
(National Research Council, Italy) finite-element hydrodynamic model SHYFEM, 
by coupling it with the sediment transport model SEDTRANS05 (Neumeier et al., 
2008) to incorporate the response of fine sand under waves and tidal currents. The 
results  obtained  show  that  sediment  transport  in  northern  Venice  Lagoon  is 
inversely proportional to grain size and also distance to the Lido inlet. The Lido 
inlet exports fine sand except during Bora wind conditions. This can account for 
some  of  the  sand  reported  to  deposit  each  year  in  the  ebb  tidal  delta  (Helsby, 
2008). Ferrarin et al. (2010) went further and applied the coupled hydrodynamic-
sediment transport model, to qualitatively reproduce the water and sediment fluxes 
through the three inlets. Calculation of the total transport rates was only carried 
out for Lido inlet, identifying a net export of sediment, of which 83% occurs in 
suspension. It was found that although the model can reproduce the major features 
of both hydrodynamic and sediment transport in the inlet region, estimating the net 
sediment budget requires further improvement of the model. Villatoro et al. (2010) 
estimated  the  annual  bedload  transport  rate  at  Chioggia  Inlet,  obtaining  a  net 
export of sand of 7,215 m
3/a. Bedload accounts for between 10 and 17% of the 
total  load  (Ferrarin  et  al.,  2010;  Tambroni  and  Seminara,  2006),  which  means 
Chioggia could be contributing to the overall loss of sediment from the lagoon, by 
up to 72,150 m
3/a. Physical setting of the study region 
2.7 Sediment transport                                             61 
 
Other estimates for present rates, based upon measurements differ greatly from the 
previous values: reported present values for all of the inlets range from 230,000 
m
3/a (Bianchi et al., 2004), to 380,000 m
3/a (Defendi et al., 2010), then to 461,000 
m
3/a (Chiarlo and Fornasiero, 2005). The difference in values can be related to the 
different  methods  used  to  estimate  these  rates.  In  terms  of  their  character, 
bathymetric  changes  imply  a  longer  time-scale,  whilst  direct  measurements  are 
often short-term. Additionally, the use of equipment such as ADCP’s to measure 
concentrations,  neglects  the  bottom  part  of  the  flow,  causing  inherent  errors  in 
estimation. 
2.7.2 Sediment stability and transport in the lagoon 
Amos et al. (2004) studied the seabed properties in Venice Lagoon, to understand 
the  mechanisms  controlling  the  stability  of  tidal  flats;  they  used  two  benthic 
annular  flumes  (Sea  Carousel  and  Mini  Flume),  and  found  that  turbidity  is  a 
function of wind- and boat-produced waves, rather than tidal flows.  Trends from 
the  two  instruments  were  similar  and  showed  that  summertime  bed  strength 
exceeded that in winter, by up to five times. Mean surface bed density was highest 
in the central lagoon (ρb=1907±60 kg/m
3), intermediate in the north (ρb=1783±108 
kg/m
3) and lowest in the south (ρb=1667±282 kg/m
3). Values of wet bulk density 
found  within  the  surface  sediments  were  very  high,  requiring  in  excess  of  100 
years of consolidation to form. These high values can be explained by the removal 
of surface layers of sediment, as a result of the erosion conditions prevailing over 
most of the lagoon. They concluded that erosion rates in Venice Lagoon are high; 
however,  they  highlighted  the  stabilising  role  of  benthic  vegetation,  over  the 
seabed sediments. 
Similar results were found by Degetto and Cantaluppi (2004) who reported that the 
northern  lagoon  is  still  undergoing  accretion  as  a  basin,  the  central  part  is 
undergoing serious erosion, whilst the Southern Basin is also eroding. As a whole, 
the lagoon is becoming deeper. They suggest that a movement of sediment from 
Chioggia to  Malamocco and  subsequently  to  Lido takes  place; however,  this is 
unlikely based upon hydrodynamic (Solidoro et al., 2004b) and bathymetric studies Physical setting of the study region 
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(Sarretta  et  al.,  2010),  which  indicate  that  little  exchange  occurs  between  the 
lagoon sub-basins. 
Seabed stability has been studied also as a function of bed shear stress. Thompson 
et al. (2004) used a benthic annular flume (Sea Carousel) to estimate the drag-
induced flow deceleration, caused by a range of vegetated and smooth muddy beds. 
They also estimated bed shear stress using three methods, comparing the results 
with those obtained in the laboratory through the equivalent of the Sea Carousel, 
the Lab Carousel. It was found that, although vegetation causes a general increase 
in the threshold shear stress, this tendency reversed at high speeds because of sea 
grass  bending.  They  concluded  that  the  presence  of  sea  grasses  and  their  root 
systems, decreases erosion due to stress reduction and stabilization of the bed.  
According  to  Marani  et  al.  (2004),  ecosystem  functioning  in  Venice  has  a 
significant  feedback  on  sediment  stability.  Like  Sarretta  et  al.  (2010),  they 
observed that the area  of saltmarsh has diminished. The study found that the total 
length of the channel network is defined uniquely by salt marsh area, rather than 
the tidal prism. This means that salt marsh area might be related to the dynamic 
forcing responsible for the formation of the channel network. 
Cappucci et al. (2004) used the “bed stability model” SLIM, to study one of the 
few  areas  undergoing  accretion  within  northern  Venice  Lagoon  (Palude  della 
Centrega); they determined the critical erosion threshold of the intertidal sediments 
using  the  Mini  Flume  (Amos  et  al.,  2004)  and  the  Cohesive  Strength  Meter 
(Paterson, 1989; Vardy et al., 2007). Shear strength was derived using a Tor Vane 
Shear Strength Meter (Blum, 1997). They concluded that Palude della Centrega is 
accreting because the material from the eroding surrounding mudflats is deposited 
there, by advection.  Biostabilisation was estimated to contribute to around 50% of 
the accretion observed.  
2.7.3 Longshore sediment transport 
To understand better the interaction between the inlet and the back-barrier, barrier 
or littoral processes must also be studied. A littoral cell is a particular reach of 
marine shore, in which littoral drift may occur without significant interruption, and Physical setting of the study region 
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has  zero  sediment  transport  past  its  up-drift  and  down-drift  boundaries.  It  may 
contain several sources and sinks (Kamphuis, 2000). Based upon this definition, a 
series of littoral cells can be identified in the Adriatic coast of the Venice Lagoon, 
each one delimited by an inlet or river: Cavallino, Lido, Pellestrina, Sottomarina 
and Isola Verde, from north to south (Fig. 2.8). 
Brambati (1978) and Gatto (1984) identified the main components of the littoral 
current in the Venetian littoral. The dominant direction of the Western Adriatic 
Coastal  Current  (WACC)  is  to  the  south  (Wang  et  al.,  2007).  However,  the 
interaction of the inlets with this current generates eddies that create reversals of 
this current along particular sections of the coast, such as Sottomarina, and the 
northern ends of Pellestrina and Lido (Bellafiore and Umgiesser, 2010) (Fig. 2.8). 
Littoral drift is an important source of material for each littoral cell. Estimates of 
average yearly littoral drift for the northern section of the Venetian littoral range 
from between 150,000 m
3 and 400,000 m
3 (Fontolan et al., 2007), the longshore 
current  input,  on  the  other  hand,  is  of  the  order  of  300,000  m
3/a  (Consorzio 
Venezia Nuova, 1989 in Fontolan et al., 2007). Helsby (2008) observed that the 
Lido  inlet  is  dominated  by  a  southerly  longshore  transport  along  the  Cavallino 
shoreline (carrying material from the Piave and Sile River) (Fig. 2.1), proposing 
that some of this material is being fed into the ebb tidal delta. Accretion rates on 
Cavallino are of the order of 15.8 m/a between 1908 and 1993, slowing to 8.5 m/a 
between 1980 and 1987 (Consorzio Venezia Nuova, 1989 in Fontolan et al., 2007; 
Mazzacurati, 1996). Transport in the southern littoral is also important, the beach 
in Sottomarina has prograded to rates of 5 m/a since the construction of the jetties 
in  the  1930’s  (historical  maps).  However,  most  published  estimates  refer  to 
Pellestrina,  which  is  the  most  intensively  managed  area,  and  only  limited 
information  exists  about  Sottomarina,  to  the  south  of  the  Chioggia  Inlet. 
Volumetric estimates of longshore transport in Pellestrina range from 130,000 m
3/a 
before the 1995-1999 renourishment (Cecconi and Maretto, 1996), to 250,000 m
3/a 
immediately after the renourishment (Lamberti et al., 2005).  
It is considered that little material by-passes the inlets, and that the majority is 
deposited in shoals within the channel, or at the ebb-tidal delta (Fontolan et al., Physical setting of the study region 
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2007; Helsby, 2008). The ebb-tidal deltas of Lido and Chioggia have been mapped 
in detail (Amos et al., 2008; Amos et al., 2006; Amos et al., 2005; Fontolan et al., 
2007).  The ebb-tidal delta of Lido has a total volume of 5,810,000 m
3 (Fontolan et 
al., 2007), and the thickness of the Chioggia Inlet has been evaluated as 3 m, from 
geophysical surveys (Brancolini et al., 2006; Zecchin et al., 2008). However, the 
contribution of littoral drift to delta growth has not yet been evaluated.  
 
 
Figure 2.8 Littoral drift current patterns along the Venetian littoral (modified 
from Gatto, 1984) 
The interruption of littoral drift by the inlets and the subsequent deposition at the 
deltas  has  caused  down-drift  erosion  in  parts  of  Lido  and  Pellestrina  barrier 
islands, and renourishment activities have been required. A total of 9.21 million m
3 
has  been  fed  into  the  system,  along  60  km  of  coast  line  from  Isola  Verde    to 
Eraclea, in the north  (M.A.V., 2008). This includes 450,000 m
3 of sand dumped in 
Isola Verde between 1998 and 2002, an additional 120,000 m
3 of sediment fed into 
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the  southern  part  of  Sottomarina  between  1998  and  2000,  4.6  million  m
3  into 
Pellestrina between 1995 and 1999, and 2 million m
3 into Cavallino between 1995 
and 1997. These activities were complemented with the construction of groynes 
and  submerged  breakwaters  in  Pellestrina  and  Lido.  The  construction  of  the 
submerged  breakwater  at  Lido  and  Pellestrina  was  followed  by  beach 
replenishment (of an unknown amount) in the case of Lido. The source for the 
replenishment material is a palaeo-beach located 20 km seaward of Venice Lagoon 
(Cecconi and Ardone, 2000).  
 Physical setting of the study region 
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3 Results: Seabed sediments and 
morphology  
 
 
 
   
3.1 Introduction 
Coastal  systems  are  the  result  of  the  continuous  adaptation  between  coastal 
morphology  and  water  motion.  This  is  called  the  morphodynamic  loop  (Beven, 
1996), which describes the mutual interactions and changes between landforms and 
the  processes  acting  on  these  landforms.  The  processes  refered  to  are  the 
hydrodynamic forces involving the motion of sediment, as they occur at different 
temporal  and  spatial  scales  (Brommer  and  Bochev-van  der  Burgh,  2009).  The 
study of morphological features can be used to deduce or hypothesise about such 
processes. Past and future evolution can also be induced from them.   
The prediction of morphological behaviour in the coastal zone in response, to both 
direct  and  indirect  human  interference  and  projected  climatic  change,  is  an 
increasingly  important  issue  in  coastal  studies  (Capobianco  et  al.,  1999).  The 
accuracy  of  predictions  depends  upon  an  adequate  understanding  of  the 
morphological evolution of the coast.  
This Chapter describes the study of the geomorphological evolution of southern 
Venice Lagoon since the 1930’s, together with the temporal and spatial scales over 
which morphological changes have occurred.  
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In particular, the aims are to: 
a)  identify  the  main morphological features  in  the  southern  Venetian  coast, 
including the southern basin of the Venice Lagoon, Chioggia Inlet, and the 
coast; 
b)  to  classify  the  seabed  and  to  relate  bed  sediments  and  morphological 
features, to potential hydrodynamic processes; 
c)  to define the main transport processes, pathways, sources and sinks of sand 
in southern Venice Lagoon; and 
d)  to define the temporal and spatial scales for morphological change and their 
variability. 
3.1.1 Spatial and temporal scales 
In past centuries, the study of natural phenomena was constrained by the limits of 
ordinary  human  perception  (Church,  1996).  However,  there  are  processes  and 
changes that fall far out of the range of human observations. There is the motion of 
sediment particles by turbulence at one end of the scale and glacial transgressions 
at  the  other.  This  poses  the  fundamental  problem  in  shore  process  studies  of 
integrating  scale  differences,  particularly  within  the  perspective  of  large-scale 
coastal behaviour (de Vriend, 2003). In order to deal with this problem, different 
disciplines have approached the study of system evolution at specific predefined 
temporal and spatial scales, which has resulted in a variety of research approaches 
as  well as modelling techniques that can only be applied to these often narrow 
bandwidths of temporal and spatial scales (Brommer and Bochev-van der Burgh, 
2009).  Coastal  engineers  for  instance,  have  traditionally  focused  on  the 
measurement and simulation of coastal processes on small spatial and  temporal 
scales, unlike the stratigraphic and morphological communities whose scales are 
often greater (ibid).  There is, however, a growing awareness that both natural and 
human-induced changes in coastal systems are forced by large-scale processes and 
are manifest over relatively long (decadal) time scales (Hanson et al., 2003).  Seabed sediments and morphology 
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It is often assumed by researchers that temporal and spatial scales are linked, so 
that a phenomenon or process can be described in terms of its characteristic scales 
(Brommer and Bochev-van der Burgh, 2009; de Vriend, 1991). The direct coupling 
between the scales of processes and the scales of forms is called the primary scale 
relationship  (de  Vriend,  1991).  The  primary  scale  relationship  assumes  that 
processes  taking  place  on  a  certain  scale  level  are  in  dynamic  interaction  with 
morphological  behaviour  on  a  similar  scale.  Thus,  it  is  assumed  that  processes 
operating at a smaller scale than the scale of interest can be considered as noise, 
whereas the larger scale processes impose boundary conditions to the scale under 
consideration (de Vriend et al., 1993). The compatibility of representative space-
time scales for the interaction between the morphology and flow was illustrated by 
Larson and Kraus (1995), as shown in Fig. 3.1. The authors sustain that attempting 
to reproduce observed macro- and mega-scale morphological behaviour employing 
calculation  schemes,  based  upon  a  micro-  or  meso-scale  approach  cannot  be 
successful. 
 
Figure 3.1 Compatible temporal and spatial scales for sediment transport and 
beach morphology (from Larson and Kraus, 1995) 
Recent approaches have dealt with the issue of scale compatibility in an entire new 
fashion through ‘Aggregated-scale Models’ (Anthony and Edward, 2008; Brommer 
and Bochev-van der Burgh, 2009; Cowell et al., 2003; de Vriend, 2003). A prime 
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example of such a model is The Coastal-Tract (Cowell et al., 2003), a conceptual 
model  for  low-order  coastal  change.  This  model  considers  not  only  the 
morphological  units  of  the  coastal  cell  (dunes,  beach,  upper  shoreface,  back 
barrier, etc.), but also the physical processes involved (waves, currents, sediment 
transport,  sediment  balance),  and  arranges  them  into  a  cascade  hierarchy  that 
provides a framework for aggregation (Fig. 3.2). Each level of the coastal-tract 
cascade is distinguished as a system that shares sediments internally. The selection 
of the aggregation level is based on the compatibility of temporal and spatial scales 
for sediment transport and beach morphology (Larson and Kraus, 1995).  
 
Figure 3.2  Scales of coastal evolution as defined in the Coastal-Tract 
approach (Cowell et al., 2003) (from Brommer and Bochev-van der Burgh, 
2009) 
It  is  apparent  from  the  comparison  of  the  range  of  scales  used  in  both  of  the 
previous Figures, that authors define scales in slightly different ways, depending 
upon  their  methodological  approaches.  To  avoid  any  possible  confusion, 
throughout  this  thesis,  the  classification  of  Cowell  et  al.  (2003)  is  adopted  as 
shown in Figure 3.2, since their approach is similar to the one followed in this 
research,  where  different  Chapters  will  deal  with  particular  land  forms  and 
processes  and  their  associated  scales.  Although  each  chapter  complies  with  the Seabed sediments and morphology 
3.1 Introduction                                               71 
defined  compatibility  of  temporal  and  spatial  scales  for  sediment  transport  and 
morphology (ibid), they are not organised based on their aggregation level; this 
chapter will focus on phenomena taking place at a macro scale, however later on 
both microscale (Chapter 4) and mesoscale (Chapter 5) processes will be reviewed.  
3.1.2 Seabed classification and characterisation 
Seabed  classification  is  the  differentiation  into  different  regions  as  distinct 
physical entities, whereas characterisation involves broadening the classification, 
by giving these entities a series of physical or geological characteristics (Blondel, 
2002).  Habitat  mapping,  as  seabed  classification  and  characterisations  is  often 
known, is an important tool for coastal studies and management, particularly for 
the investigation of sediment transport and the impact of human activities on the 
seabed (Kenny et al., 2003). Mapping the benthic community of sands and gravel 
at different spatial and temporal scales, requires studying both the morphology and 
the composition of the seabed, which often involves seabed sampling or coring, as 
well  as  acoustic  surveying.    Within  this  Chapter,  sediment  samples  and 
bathymetric  data  are  used  to  determine  the  morphology  of  the  study  area. 
Interpretation of the morphological features and their changes will permit us to 
theorise about the hydrodynamics and sediment dynamics, from which transport 
pathways and magnitudes can be estimated.  
3.1.2.1 Seabed sampling 
The most simple and traditional way of characterising the seabed is through the 
collection  of  samples  and  their  subsequent  analysis,  which  often  includes 
granulometry  and  mineralogy  studies  (Blondel,  2002).  Mineralogical  studies 
provide information about the source of the sediment, whilst the identification of 
the  sediment  characteristics,  such  as  grain  size  and  shape,  is  important  for  the 
interpretation of the hydrodynamic environment, transport history and depositional 
conditions  (Blott  and  Pye,  2001;  Folk  and  Ward,  1957;  Hoffmans  and  Verheij, 
1997). In general, larger grains will have a higher threshold for motion and require 
stronger flows to transport them, whilst finer sediment will be set in motion and 
transported more easily. The maximum velocity at any given location then can be Seabed sediments and morphology 
3.1 Introduction                                               72 
inferred from the largest sediment found at that point (Folk, 1974). The size and 
shape of a sediment sample are also related to the reworking of the sample, thus 
decreasing  sediment  sizes  and  more  rounded  grains  can  be  indicative  of  the 
transport direction (ibid).  
Statistical analysis of the distribution of grains sizes within a sample can provide 
further  information  about  the  hydrodynamic  environment  under  which  the 
sediments have been transported and deposited. The distribution of sediment grain 
sizes is usually given in a geometric, logarithmic or log-normal scale, as opposed 
to an arithmetic scale, in order to place equal emphasis on small differences in fine 
particles and large differences in coarse particles (Blott and Pye, 2001). There are 
three statistical sediment parameters used to describe a grain size distribution apart 
from the mean size: sorting, skewness and kurtosis (Table 3-1). These parameters 
can  be  obtained  by  mathematical  (method  of  moments)  or  graphical  methods 
(ibid). The graphical method, such as the one used in the present analysis, extracts 
prescribed values from the cumulative frequency curve of the grain size data and 
enters these into established formulae. The most widely used formulae, and the 
ones we will use are those of Folk and Ward (1957).  
Table 3-1 Sediment parameters obtained with the graphical method of Folk 
and Ward (1957) as presented in Blott and Pye (2001) 
Sorting (σ1)  Skewness (SK1)  Kurtosis (KG) 
Very well sorted  <0.35  Very fine 
skewed  0.3 to 1.0  Very 
platykurtic  <0.67 
Well sorted  0.35-0.50  Fine skewed  0.1 to 0.3  Platykurtic  0.67-0.90 
Moderately well 
sorted  0.50-0.70  Symmetrical  0.1 to -0.1  Mesokurtic  0.90-1.11 
Moderately 
sorted  0.70-1.00  Coarse 
skewed  -0.1 to -0.3  Leptokurtic  1.11-1.50 
Poorly sorted  1.00-2.00  Very coarse 
skewed  -0.3 to -1.0  Very 
leptokurtic  1.50-3.00 
Very poorly 
sorted  2.00-4.00      Extremely 
leptokurtic  >3.00 
Extremely 
poorly sorted  >4.00         Seabed sediments and morphology 
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Sorting is a measure of the standard deviation of the grain sizes, thus the less grain 
sizes  a  sample  is  composed  of,  the  greater  the  sorting.  Generally  the  level  of 
sorting will be related to the distance to the source of the sediment, so that better 
sorted samples will have been transported longer distances. This can only hold true 
when  comparing  two  samples  that  have  the  same  source,  because  sorting  also 
depends upon the type of supply and the original sorting of the material. Other 
factors that influence the transport dynamics and, thus, the degree of sorting of a 
sample are the grain’s density, shape and current intensity (Folk, 1974). Kurtosis is 
a measure of the ‘flatness’ or ‘peakedness’ of the probability distribution of the 
sample grain sizes. Higher kurtosis (leptokurtic distribution) means more of the 
variance  is  the  result  of  infrequent  extreme  deviations,  while  lower  kurtosis 
(platykurtic)  describes  a  more  even  distribution.  Skewness  on  the  other  hand 
describes the asymmetry from the distribution of grain sizes (a normal distribution 
for example has a skewness of zero). Negative skewness indicates data are skewed 
to  the  left  of  the  average  size  (coarser  sediment  in  a  phi  scale)  and  positive 
skewness indicates data are skewed to the right (finer sediment in a phi scale). 
3.1.2.2 Bathymetry 
Bathymetric maps provide details of the seabed surface and allow us to identify 
morphological features, as well as studying their evolution, thus providing insight 
into general coastal dynamics, particularly sediment transport. If we look at the 
coast as a series of morphological units (sand bars, spits, deltas, backbarrier basin, 
inlets, etc.), that dynamically interact with each other by exchanging sediment as a 
response  to  the  energy  of  the  hydrodynamic  environment,  we  can  then  infer 
transport pathways and magnitudes from the bathymetric changes (Cowell et al., 
2003).  Additionally,  certain  features  are  often  indicative  of  specific  transport 
environments.  Deeper  channels  are  representative  of  high-energy  environments 
and erosion, with sediment transport as suspended load and bedload. In the same 
way,  shallow  areas  correspond  to  low-energy  environments  and,  as  such,  are  a 
likely sink of sediment (Helsby, 2008).  
Bathymetric surveying has developed significantly since the 1940’s (Fish and Carr, 
1990). However, significant progress in high-resolution near-shore surveying has Seabed sediments and morphology 
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only been made relatively recently with the increased power and decreased cost of 
personal computing (Bates and Byham, 2001). A variety of surveying equipment 
exists, these range from single-beam and multi-beam eachosounders, to Sidescan 
sonars,  Parametric  Synthetic-aperture  Sidescan  sonars  and  LIDAR  (Light 
Detection And Ranging) (Blondel, 2008; Kenny et al., 2003). Similarly, a range of 
novel methods to collect bathymetric data have appearead in recent times, such as 
Jet-Ski towed echo-sounders and video images of the seabed. Nevertheless, single-
beam,  down-looking  echosounders  have  long  been  the  tool  of  choice  for 
underwater habitat mapping, because they are simple to use and already used in 
many  vessels,  eliminating  the  need  for  more  equipment.  They  operate  on  low-
frequency signals (< 20 Hz) transmitted in short pulses (< 2 ms) (Blondel, 2008). 
The first return from the seabed corresponds to the point closest to the ship, and 
the next returns correspond to points further away, as the sound cone spreads. The 
echo  consists  of  a  sharp  return  corresponding  to  the  maximum  response  of  the 
transducer around its beam axis and a weaker response due to increasing incident 
angles and lower portions of the spreading pattern. Secondary lobes and secondary 
returns  may  sometimes  be observed.  The return from the  seabed  is  affected  by 
various  factors,  such  as  local  geometry  of  the  sensor-target  system  (angle  of 
incidence of the beam, local slope, etc), the morphological characteristics of the 
surface (eg. microscale roughness) and its intrinsic nature (composition, density, 
etc) (Blondel, 2008). 
3.2 Data collection and analysis 
3.2.1 Bathymetry 
Bathymetric data for the entire lagoon, including the three inlets, were provided by 
Consorsio  Venezia  Nuova  (CVN  -  xyz  data,  ASCII  format).  These  bathymetric 
data sets correspond to a series of maps published by the Magistrato alle Aque 
(Venice Water  Authority)  after  survey  campaigns conducted  in  1927,  1970 and 
2002 (Sarretta et al., 2010). The first survey was carried out between 1922 and 
1933 and consists of 134 maps on a scale of 1:5000. The data collection method 
included  precise  tacheometric  measurements  and  manual  soundings.    The  1970 Seabed sediments and morphology 
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data are the result of surveys carried out from 1968 to 1971. In this case, data 
collection  was  done  by  multiple  sampling  methods,  including  echosounding, 
tacheometric measurements and stereo photogrammetric analysis. Finally, the 2002 
data  set  was  collected  from  the  end  of  1999  to  June  2002,  with  further  data 
collected in spring 2003. The main channels (depth > 5 m) and the inlets were 
sampled using a multibeam echosounder, a single-beam echosounder was used for 
shallow areas and secondary channels, and intertidal areas such as saltmarshes and 
tidal flats were surveyed using the standard topographic technique. A further data 
set collected in 1990 also exists; however, it has been reported to contain large 
uncertainties (Tosi, 2007), and was, therefore, eliminated from the analysis.  In 
addition to the lagoon data sets, a 1990 north Adriatic bathymetry was provided by 
the Magistrato alle Aque (MAV). 
A series of datum corrections were applied to the data sets in order to standardise 
the reference datum used  prior  to chart comparison (Fig. . The 1927 data were 
originally referenced to the National Altimetric Network Zero (NANZ datum). The 
NANZ  corresponds  to  the  average  mean  sea  level  (MSL)  for  the  year  1897, 
measured at the reference tide gauge located at Campo Santo Stefano (CSS), in 
Venice.  The  reference  tide  gauge  for  Venice  was  moved  to  Punta  della  Salute 
(PDS) in 1923 (Sarretta et al., 2010).  The 1970 and 2002 data sets on the other 
hand were referenced to the national vertical datum established in Genoa by the 
Italian Military Geographical Institute in 1952, the IGM42 (ibid). The NANZ has 
moved 23.56 cm with respect to the IGM42 since it was established (Carbognin 
and Cecconi, 1997; Carbognin et al., 2004; Gatto and Carbognin, 1981). This has 
been the result of both natural and anthropogenic subsidence, as well as sea level 
rise,  of  which  3  cm  correspond  to  natural  subsidence,  9  cm  to  anthropogenic 
subsidence, and the remaining 11 cm are the result of sea level rise (see Chapter 
2).  The  1927  data  set  first  had  to  be  corrected  to  account  for  the  difference 
between the MSL measured in Venice between 1897 and 1927, which was of the 
order of 6 cm (Sarretta et al., 2010). Then the 23.56 cm difference between datums 
was applied, to convert to IGM42. The correction was applied by subtracting 17 
cm from each depth data point. The 1970 data was only corrected to account for 
the sea level difference between the MSL measured at PDS during the previous Seabed sediments and morphology 
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years to the survey and that of the IGM42 datum. This difference is 1.4 cm, which 
were  subtracted  from  the  data  points.    The  2002  data  set  required  no  datum 
corrections. Further corrections were implemented to express the depths in terms 
of the minimum astronomical tide (LLWL). These consisted of adding 35 cm to 
each of the depth data points. A series of historical charts, some dating back to the 
1600, were used also with the permission of  MAV (Balleti, 2006). 
 
 
Figure 3.3 Mean sealevel for Venice and Trieste compared to reference 
datums (from Sarretta et al., 2010) 
In  order  to  complement  the  previous  data  sets  and  to  acquire  an  updated 
bathymetry of the Adriatic seabed near the Chioggia Inlet, a total of 507 line km of 
single  beam  echosounding  bathymetry  were  collected  as  part  of  three  field 
campaigns carried out in the summers of 2005, 2006 and 2007. The surveyed areas 
are shown in Figure 3.4, and cover Chioggia Inlet and the Adriatic Sea around the 
mouth of the Chioggia Inlet, from Ca’Roman in the north to Isola Verde in the 
south.  
The  equipment  used  consisted  of  a  Lowrance  echosounder,  mounted  on  a 
downrigger and a Garmin
® GPS. The Lowrance logged depth data strings with a 
vertical resolution of 3 cm at 1 Hz, and the GPS recorded the position and time at 1 
Hz into the same data file. During the 2005 field campaign complementary depth Seabed sediments and morphology 
3.2 Data collection and analysis                                                 77 
measurements  were  carried  out  using  a  Fishfinder
®  due  to  problems  with  the 
Lowrance
®.  Both  the Fishfinder
® and  the  Lowrance
®  logged the  information as 
NMEA0182 data strings at 1Hz in ASCII format. The echosounder was calibrated 
during each survey, for changes in the speed of sound in seawater for draft and 
depth corrections (Fig. 3.5). 
 
 
Figure 3.4 Bathymetric survey carried out during 2005 (yellow lines - 267 line 
km), 2006 (pink lines - 140 line km) and 2007 (green lines - 100 line km) 
The  data  files  corresponding  to  the  measured  bathymetries  were  processed  to 
extract: time (GMT); coordinates (latitude and longitude); and water depth (m). 
The data were then corrected for draft and depth as well as for the tide level. Tidal 
corrections  were  made,  in  order  to  standardise  depths  to  local  low  water  level 
(LLWL) using the corresponding tidal data measured every 5 minutes by a tide 
gauge located in Chioggia Inlet (Ferla et al., 2007). Further quality checks were 
performed on the data by means of cross-over point analysis, where points with the Seabed sediments and morphology
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same  location  but  corresponding  to  different  lines  of  th
compared (Fig. 3.6). The average difference between cross
m, with a standard error of 0.32 m.
 
Figure 3.5 Depth calibration for the Fishfinder echosounder (standard error 
of the difference = 0.21 m)
Figure 3.6 Correlation of cross
Seabed sediments and morphology 
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same  location  but  corresponding  to  different  lines  of  the  same  survey  were 
The average difference between cross-over points was 0.22 
with a standard error of 0.32 m. 
 
Depth calibration for the Fishfinder echosounder (standard error 
of the difference = 0.21 m) 
 
Correlation of cross-over points (standard error of difference = 
0.32 m) 
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The  data  analysis  and  map  production  was  undertaken  using  the  ArcGIS9.0 
software. The  data points were interpolated using the Natural Neighbours (NN) 
algorithm to produce fixed-grid calculated surfaces, which were then presented as 
colour-shaded surfaces. Other interpolation methods, such as the Inverse Distance 
Weighted (IDW) and the Kriging (K) method were tested, but discarded because 
the NN method reproduced existing lagoon features in more detail and produced 
volume  values  in  agreement  with  those  published  by  Sarretta  et  al.  (2010). 
Bathymetry  comparisons  were  carried  out  subsequently  by  superimposing  the 
obtained  bathymetric  surfaces, to evaluate depth changes at every grid  node. A 
resultant surface of the same resolution as the input surfaces was produced with 
the depth differences. The built in ‘cut-fill function’ was used to evaluate the areas 
of erosion and deposition when comparing two input bathymetric surfaces.  
A  resultant  image  of  absolute  values  of  gain  or  loss  of  volume,  per  area,  was 
produced for each comparison. These analyses were carried out for the Southern 
Lagoon, Chioggia inlet, and the Adriatic Sea around the inlet. A series of contour 
and colour-shaded  surface  maps  were  produced  with the  bathymetry,  depth and 
volume  change layer  images.  These  were  displayed  over  georeferenced  satellite 
photographs of the area (Google Earth, 2009; CNR, 2007). The relevant land and 
coastal structures were digitised from those same images and added to the maps as 
layers. 
3.2.2 Beach profiles 
In order to complement the bathymetry with the topographic data, as well as to 
measure the nearshore bathymetry, a total of 30 beach profiles were carried out in 
Ca’Roman and Sottomarina, from 8
th-10
th of July, 2007 (Fig. 3.7). The surveying 
method was the standard technique of using a level (mounted on a tripod) to read 
elevations from a staff (Fig. 3.7, inset).  The profiles were measured every 200 m 
along the coast and covered both the area above and below mean sea level, to a 
depth of -1.8 m. 
The  measured  beach  profiles  were  interpolated  using  the  Natural  Neighbours 
algorithm from ArcGIS9.0 in the same fashion as explained above for the collected Seabed sediments and morphology 
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bathymetry (Fig. 3.8).  The beach surface data obtained from the profiles was then 
added to the bathymetry collected in the Adriatic Sea, around the inlet, to provide 
a more complete data set for bathymetric comparisons. This data set was used also 
as input for the hydrodynamic programme SHYFEM and the wave transformation 
programme REF/DIF1 discussed in chapters 4 and 5, respectively. 
 
Figure 3.7 Beach profiles undertaken in Ca’Roman (4 profiles) and 
Sottomarina (26 profiles), and equipment used to measure beach elevation 
(inset). For general location, see Fig. 2.1 
 
Figure 3.8 Detail of beach elevation  
Sottomarina  Ca’Roman 
N 
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3.2.3 Sediment sampling 
3.2.3.1 Seabed samples 
A total of 46 bottom grab samples were collected using a small Van Veen grab, in 
order to characterise the seabed of the inlet and its surroundings, and to correlate 
the bed sediments to the measured transport (Fig. 3.9 and 3.10). 26 samples from 
the  outer  inlet  were  collected  on  a  variable  spaced  grid  (1  to  2  km),  during 
September, 2005. The remaining 20 samples were collected inside the inlet in July, 
2008. The samples were largely sandy in composition on the proximal part of the 
delta, but were muddy for the outermost samples.  
 
 
Figure 3.9 Van Veen grab used to sample bed sediment 
3.2.3.2 Beach samples 
A total of 32 beach samples were collected at approximately 200 m intervals along 
the shorelines of Sottomarina (29 samples), Ca’Roman (2 samples) and Isola Verde 
(1).  One  additional  river  sample  was  obtained  from  the  Brenta  River,  2  km 
upstream  from  the  outflow,  to  provide  mineralogical  control  for  provenance 
studies (Fig. 3.10). The beach samples were taken from the water line level at the 
time. All samples were collected by hand, during the summers of 2005 and 2007. 
 Seabed sediments and morphology 
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Figure 3.10 Sediment samples (satellite image from Google Earth
®) 
3.2.4 Sediment analysis 
Fines content 
The samples were dried at low temperature (60°C) to preserve the integrity of the 
fine fraction and weighed to determine the initial mass (IM). The samples were 
then wet-sieved with a 63 µm sieve to eliminate any salts or fine material. The fine 
fraction was not further analysed because the study was concerned the sand size 
range (63 µm to 2 mm), however, it is important to know the percentage of fine 
material  present  in the  sample for  visual  textural  descriptions.  The  sample  was 
then dried and weighed again to determine the total mass of sands (MAS) and the 
resulting  percentage  of  fines  (PF)  was  calculated  from  the  difference  from  the 
initial weight (equation 3.1). 
        ((IM – MAS) * 100) / IM = PF       (3.1) 
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Organic content 
The  organic  content  determination  consisted  of  two  phases.  The  first  was  to 
separate any material larger than 2 mm by sieving (Fig. 3.11a). It was assumed, 
after  inspecting  the  samples,  that  any  material  larger  than  2  mm  was  organic 
material such as shells or algae. The resultant fraction was weighed (MAS2). The 
second phase consisted of eliminating any of the remaining organics within the 
sample  (plankton)  by  incineration.  For  this  procedure,  a  fraction  of  the  sample 
(MBI),  usually  between  0.1  g  and  15  g,  depending  on  the  available  amount  of 
material, was placed in a porcelain tray inside an oven at 400ºC for 6 hours. The 
samples were left to cool and then weighed (MAI), the difference between initial 
weight  and  the  weight  after  incineration  was  considered  to  be  loss  of  organics 
through ignition (LOI). This weight was extrapolated to account for the complete 
sample (PLOI, equation 3.3), and then the amounts obtained through the previous 
two phases  were added  to  obtain a  total content  of  organic material  within  the 
sample (TO, equation 3.4). 
(MBI * 100) / MAS =  PMBI       (3.2) 
((LOI * 100) / MBI) * (100 - PMBI) = PLOI     (3.3) 
     PLOI + MAS2 = TO                  (3.4) 
Granulometry 
The sand fraction was further analysed using the National Oceanography Centre’s 
settling column (Fig. 3.11b). A sub-sample of approximately 5 g was taken from 
each  sample  using  a splitter. This sub-sample  was  then  placed  into  the  settling 
column with the help of a plate that is lowered into the water at the start of the data 
recording. The settling column works by measuring the cumulative weight of the 
sample  settling  from  time  0  to  500  s.  The  output  data  are  processed  using  the 
cal_settling  script  written  specifically  for  the  NOC  settling  column  (Neumeier, 
2005). The script uses the settling velocity formula of Soulsby (1997) (equation 
1.17),  to  determine  the  grain  size  classes  defined  by  Folk  and  Ward  (1957).  It 
produces the settling  velocity  (Ws) for each size class, as well as the statistical Seabed sediments and morphology 
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variables of the sample size distribution, such as sorting, skewness, and kurtosis 
according to the Folk and Ward (1957) method.  
 
 
 
 
 
 
 
Figure 3.11 (a) Sieving with 2 mm mesh to separate large organics and (b) 
NOC settling column 
Calcimetry 
A gas volumetric determination of carbonate content was performed on 11 samples 
(Fig.  3.12).  The  method  used  (U.S.  Salinity  Laboratory,  1954)  quantifies  the 
amount and type of carbonate, which is particularly useful for provenance studies. 
The source of sediment for the rivers flowing north of Venice Lagoon (Piave, Sile) 
are the Dolomites, which, as their name suggests, are mostly composed of dolomite 
(CaMg(CO3)2). The rivers flowing south of Venice Lagoon (Brenta, Adige) on the 
other  hand,  come  from  a  different  sedimentary  basin  characterised  by  calcite 
(CaCO3)  (Bondesan  and  Meneghel,  2004).  Therefore,  any  sediment  containing 
high levels of dolomite is expected to have a northern source, and any sediment 
with low dolomite content is expected to have a southern source. 
The analysis measured the gravimetric loss of CO2, produced by the reaction of 
HCl  with  soil  carbonates.  In  order  to  do  so,  every  sample  (1  g)  had  to  be 
completely disaggregated with a mortar. The material was then placed in a glass 
container with 15 ml of de-ionised water and stirred continuously with a magnetic 
stirrer. For the calcite determination, 10 ml of acetic acid at 25% (CH3COOH) are 
poured into the glass container and stirred for 6 minutes. This is immediately shut 
with a lid which allows the produced CO2 to flow into a pipe containing water. Seabed sediments and morphology 
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This pipe is a closed system balanced with atmospheric pressure, so when the CO2 
is produced, it pushes the water level down, and the volume of CO2 produced can 
be quantified. For the dolomite determination 10 ml of hydrochloric acid at 20% 
(HCl) are poured into the glass container and stirred for 30 minutes. The produced 
CO2 is measured as explained above for the calcite determination. 
 
    
 
 
 
 
 
 
 
 
Figure 3.12  Location of samples analysed for carbonate content  
3.2.5 Seabed classification and characterisation 
The  bathymetric  data  was  used  in  conjunction  with  the  sediment  character  to 
describe  the  seabed.  The  sediment  characteristics  were  related  to 
depositional/erosional  features  observed  in  the  bathymetry  comparisons  (1990-
2006) in order to identify the areas of greater transport, and thus suggest potential 
transport  pathways.  The  erosional  and  depositional  features  were  divided  into 
categories following the classification of Helsby (2008); where areas of significant 
deposition are depth changes over 2 m,  deposition is considered to be anything between 
0 and 2 m, erosion is from 0 to -2 m, and scour is any loss over -2 m. The following Seabed sediments and morphology 
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seabed classification was produced: a) sand reservoirs; b) active transport; and c) 
low or no transport. 
3.3  Results 
3.3.1 Morphology 
3.3.1.1 Southern Basin 
This Section examines the morphological changes resulting from the interaction 
between Venice Lagoon, Chioggia Inlet, and the adjacent Adriatic shores. To do 
this,  only  the  southern  Venice  Lagoon  was  examined,  which  is  the  region 
influenced by  the  effect of the  Chioggia Inlet.  The southern  part of the  lagoon 
basin can be considered as an independent body, in hydrodynamic terms (Sarretta 
et  al.,  2010;  Solidoro  et  al.,  2004a).  Studies  of  the  internal  circulation  of  the 
lagoon,  using the model SHYFEM (Umgiesser and Bergamasco, 1993; Umgiesser 
et al., 2004a), have shown that the lagoon may be reasonably partitioned into four 
physically-homogenous  areas  that  function  independently,  with  little  or  no 
exchange of water (Solidoro et al., 2004a). Therefore, it is reasonable to assume 
that the morphological changes observed in the Southern Basin are linked directly 
to  changes  of  fluxes  through  the  Chioggia  Inlet  and  its  associated  sedimentary 
features.   
A series of colour-coded bathymetric maps of southern Venice Lagoon have been 
produced for 1927, 1970 and 2002 (Fig. 3.13). In these, it can be seen that the 
mean depth of the Southern Basin, calculated from the interpolated bathymetries, 
has increased from -0.8 m in 1927, to -0.9 m in 1970, to -1.2 m in 2002. Likewise, 
the modal depths (the most frequent) have increased from -0.3 m in 1927, to -0.65 
m in 1970, to -1 m in 2002.  
In order to study the changes to the main morphological features of the Southern 
Basin, we first have to identify them. According to Fagherazzi et al. (2006), two 
main  features are observed in shallow basins: saltmarshes; and intertidal flats. 
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Figure 3.13 Colour-coded bathymetric maps of Venice Lagoon south sub-basin 
for 1927, 1970 and 2002 
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Saltmarshes  lie  at  an  average  elevation  higher  than  +0.55  m  (LLWL);  whereas 
intertidal flats have an average elevation of between -0.15 m and -0.65 m (LLWL). 
According to their study, few areas are located at intermediate elevations (between 
-0.15 m and +0.55 m). There is also the subtidal area, and channels, which are 
described by Sarretta et al. (2010) as the region lying between -0.65 m and -1.65 m 
(LLWL), and  anything below -1.65 m (LLWL), respectively. 
For  the  purposes  of  this  study  (see  above),  we  have  classified  the  seabed 
morphological  features  into  4  types:  saltmarshes,  found  above  +0.55  m;  the 
intertidal flats, located between +0.55 m and -0.65 m; the subtidal shoals, lying 
between -0.65 m and -1.65 m; and the channels, which are deeper than -1.65 m.  
From  the  bathymetric  analyses,  it  is  evident  that  shallow  areas,  such  as  the 
intertidal zone have consistently decreased in size during the period studied. The 
total percentage of intertidal area (shown in light brown in Fig. 3.14) decreased 
from 56% in 1927, to 51% in 1970, to 16.5% in 2002 (Table 3-2). In contrast, the 
area of sub-tidal shoals (shown in beige in Fig. 3.14) has increased dramatically, 
from  33%  in  1927,  to  34%  in  1970,  to  65%  in  2002.  Interestingly,  the  total 
combined area of intertidal and subtidal depths within the Southern Basin changed 
considerably less, from 90% to 81% during the period studied. Thus, suggesting 
that  the  greatest  morphological  change  was  observed  between  1970  and  2002, 
when  extensive  erosion  of  the  tidal  flats  took  place.  These  intertidal  flats  are 
considered to have become subtidal shoals during that period. Another important 
change took place between 1927 and 1970, when a major navigation channel was 
dredged; this explains the almost 30% increase in channel coverage, from 9.5% to 
14.1%. During the subsequent period, the channels remained relatively unchanged, 
except for deposition in some channels, especially the shallower ones. Infilling of 
tidal channels during this period could be explained by the deposition of some of 
the eroded sediment from the tidal flats into the channels. 
Saltmarsh erosion occurred during the period 1927 to 1970; however, an important 
increase in saltmarsh area was recorded during the subsequent period. The latter 
could be due to saltmarsh reconstruction activities, which took place during the 
years  of  1999  and  2000: 3 million m
3 of  dredged  material  were  dumped in the  Seabed sediments and morphology 
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Figure 3.14 Distribution of intertidal (light brown) and subtidal shoals (light 
yellow) by area for (a) 1927, (b) 1970, and (c) 2002 bathymetries. Blue areas 
represent depths greater than 2 m 
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Table 3-2 Landform distribution in the Southern Basin in 1927, 1970 and 2002 
  1927  
(%) 
1970 
(%) 
2002 
(%) 
Saltmarsh  0.8  0.5  5.1 
Intertidal  56.3  51.4  16.5 
Subtidal  33.4  34  64.9 
Channel  9.5  14.1  13.4 
 
central and southern basins, to form 4 km
2 of artificial saltmarshes (Sarretta et al., 
2010). 
Bathymetric  comparison  analysis  confirms  that  the  Southern  Basin  suffered 
widespread  erosion  between  1927  and  2002  (Fig.  3.15).  The  surfaces  resulting 
from the comparison between the 1927 and 1970 bathymetry and between the 1970 
and  2002  bathymetry  reveal  that,  during  the  first  period  studied  there  was 
significant loss of sediment around the major channels, as well as in tidal flats and 
saltmarshes. Navigation channels such as those leading from the inlet into the port 
of Chioggia and the central area of the basin (used mainly by fishing vessels) were 
particularly affected, as were some smaller tidal channels located in the northwest 
of  the  basin  (Fig.  3.15a).  During  the second period  studied, erosion  took place 
mostly on tidal flats, while the majority of channels underwent deposition (Fig. 
3.15b). Tidal flat erosion seemed to be greater within the central part of the South 
Basin, where it seems to have increased in comparison with the first period (Fig. 
3.15b).  Deposition  increased  also  during  the  second  period,  particularly  in  the 
western  part  of  the  basin,  where  saltmarsh  reconstruction  took  place.  Also, 
dredging  of  the  channels  is  evident,  especially  around  Chioggia.  This  is  in 
agreement with the conclusions of Sfriso et al. (2005) and Sarretta et al. (2010).   
The average rates of erosion in the South Basin were 0.3 cm/a between 1927 and 
1970  and  1.25  cm/a,  between  1970  and  2002  (a  total  of  14  and  40  cm, 
respectively), adding up to an overall mean of 0.72 cm/a. The main difference was 
that whilst, during the first period, the areas undergoing erosion were more than 
those  undergoing  deposition,  during  the  second period they were approximately Seabed sediments and morphology 
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Figure 3.15 Bathymetric comparisons of the Southern Lagoon (a) 1927-1970, 
(b) 1970-2002 
similar. Thus, between  1927 and  1970, even though the erosion rate was lower 
than  for  the  second  period,  the  areas  undergoing  erosion  were  greater  in  area. 
During the first period, both tidal channels and tidal flats suffered erosion. Tidal 
channels eroded an average of 1.19 m which equates to 2.8 cm/a; although some 
parts of the channels eroded at rates of up to 10 cm/a. Tidal flats, on the other 
a 
b 
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hand, lost an average of 12 cm, which translates into 0.3 cm/a. The second period 
saw  an  increase  in  the  overall  erosion  rate,  as  it  has  been  mentioned  already; 
however, significant areas also underwent deposition, both within tidal channels 
and on tidal flats. This phenomenon is mostly the result of habitat creation, in the 
case of tidal flats, and infilling of channels with material previously eroded from 
the tidal flats. The erosion rates in both tidal channels and tidal flats were twice as 
high  as  the  previous  period,  during  the  period  between  1970  and  2002.  The 
measured erosion of tidal channels was 6 cm/a, whilst the rate for the tidal flats 
was 1 cm/a. These amount to a total of -1.9 m and -29 cm, respectively. Deposition 
rates, on the other hand were of the order of 3.5 cm/a for the tidal channels and 0.6 
cm/a for the tidal flats. These values are summarised in Table 3-3. 
Table 3-3 Average erosion and deposition measured in (A) tidal channels, (B) 
tidal flats  
  1927-1970  1970-2002 
  Erosion  Deposition  Erosion  Deposition 
  Total 
(cm) 
Rate 
(cm/a) 
Total 
(cm) 
Rate 
(cm/a) 
Total 
(cm) 
Rate 
(cm/a) 
Total 
(cm) 
Rate 
(cm/a) 
A  -119  -2.8  126  2.9  -187  -5.9  111  3.5 
B  -12  -0.3  8  0.2  -29  -0.92  19  0.6 
 
The digitised bathymetric data was used to calculate directly the sediment volume 
changes  between  the  surveys  in  the  South  Basin  of  the  Venice  Lagoon. 
Independent evaluations were carried out for the periods of 1927-1970 and 1970-
2002.  Table  3-4  shows  the  results  of  the  calculations.  These  values  include 
volumes associated with dredging and habitat reconstruction (which are discussed 
in Chapter 6 from a budget perspective, together with further volumetric changes 
in  the  morphology  of  the  lagoon).  It  is  apparent  that  the  rate  of  sediment  loss 
between 1927 and 1970 was 37% higher than that of the period between 1970 and 
2002. Overall, around 8.5 million m
3 were lost during the initial 43 year period, 
while  just  above  5  million  m
3  were  lost  over  the  subsequent  32  year  period. Seabed sediments and morphology 
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Smaller values of volume change  were obtained for the comparison  of surfaces 
interpolated with the Inverse Distance Weighted and Kriging methods (11% and 
35% respectively). 
Table 3-4 Long-term volume changes in southern Venice Lagoon 
Period  Net volume 
change (m
3) 
Total rate of loss 
(m
3/a) 
Disposal 
outside (m
3) 
Rate of loss through 
inlet  (m
3/a) 
1927-1970  -8,578,350  -199,497  -2,800,000**  -134,380 
1970-2002  -5,354,461.5  -167,327  -1,700,000**  -114,201 
Total  -13,932,811.5*  -185,771  -4,500,000**  -125,770 
*Total area considered = 125 km
2 
**Calculated from the volume changes measured during each period 
 
According to Carbognin and Cecconi  (1997) around a third of the total  loss of 
sediment  calculated  from  bathymetry  changes  corresponds  to  dredged  material 
disposed of outside the lagoon. This equates to 2.8 and 1.7 million m
3 during the 
periods  of  1927-1970  and  1970-2002,  respectively.  The  losses  of  sediment  on 
account of dredged material disposed of outside the lagoon were eliminated from 
the total loss calculated for each period, so that the annual rate of loss of sediment 
through the inlet could be calculated. It was found that the Southern Basin lost 
sediment at a rate of 125,770 m
3/a between 1927 and 2002 (Table 3-4). This value 
is  in  agreement  with  the  annual  rate  of  loss  of  133,000  m
3/a,  as  calculated  by 
Sarretta et al. (2010); this was through a similar bathymetric analysis of Venice 
Lagoon, considering the same period of time and studied area.  
3.3.1.2 Chioggia Inlet  
Chioggia  Inlet  presents  a  typical  morphology  according  to  the  tidal  inlet 
morphology scheme proposed by Smith (1984), as shown in Fig. 3.16. It features 
an ebb-tidal delta located south-east of the mouth, an artificially stabilised tidal 
channel  and  a  well-defined  main  ebb  channel.  No  marginal  flood  channels  or 
channel-margin linear bars can be observed, although two sub-aqueous spits extend 
along the jetties on the beach side of the inlet.  Seabed sediments and morphology 
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Figure 3.16  Chioggia Inlet and its main morphological features (surveyed in 
2005-2006) 
Tidal channel 
The  tidal  channel  was  stabilised  in  the  1930’s,  although  it  has  changed 
significantly  since  then  (Fig.  3.17).  The  most  important  change  has  been  its 
progressive depth increase. The mean depth of the inlet increased from -8.2 m in 
1927 to -10 m in 2006. Some of the inlet’s characteristic features such as the main 
channel,  a  30  m  deep  scour  hole  located  on  the  lagoon  end,  and  existing 
depositional features have also evolved, over time. The main channel was located 
originally next to the northern jetty, but it has moved progressively towards the 
centre of the inlet. This might be partly due to dredging for navigation purposes, 
but also to the effect of jetty construction, which can result in deepening of the 
channel  in  order  to  maintain  O’Brien’s  (1931)  tidal  prism/cross-sectional  area 
relationship.  There  are  no  channel  margin  linear  bars  within  the  inlet  channel 
although there is a shallow region located next to the tip of the southern jetty on 
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the eastern end. This shallow region extended originally along most of the southern 
jetty  and  covered  up  to  half  the  width  of  the  channel.  It  corresponded  to  the 
remnants of what was the ebb-tidal delta, before the construction of the jetties. As 
expected, it has decreased considerably in size since the 1930’s, as a result of the 
scouring effect of the tidal current. At present, the shallow area is limited to the 
lagoon end of the inlet, as evident in the bathymetric images. Such behaviour is 
opposite  to  that  observed  by  Helsby  (2008)  in  the  Lido  Inlet,  where  the  main 
channel moved from its original position in the central part of the inlet towards the 
southern  jetty,  whilst  a  sub-aqueous  spit  developed  on  the  northern  half.  This 
might  be  explained  by  the  dominant  direction  of  longshore  transport,  which  is 
southerly in Lido inlet and northerly to the south of the Chioggia Inlet. 
Another feature present in the Chioggia Inlet channel, that exists also in the two 
other  inlets,  is  the  scour  hole  located  on  the  western  end  of  the  inlet  (Balleti, 
2006). These scour holes have existed since before the inlets were stabilised by 
jetties, as seen from the digitised historical maps from Balleti (2006), as shown in 
Chapter 2; they have all decreased in size. The scour in Lido inlet formed when 
there were two inlets, instead of one, in that region, San Nicolò and Treporti. It is 
located in what is now San Nicolò channel, which is the continuation of Lido Inlet 
main channel into the lagoon. Malamocco has developed a second scour hole on its 
eastern end. In the case of Chioggia, the scour hole has become slightly shallower, 
decreasing  from  -32  m  in  1927,  to  -30  m  in  2006.  This  pattern  suggests  that 
stabilisation of the inlet has influenced the currents in the vicinity. Similar scour 
holes have been reported and described at the confluence of major tidal channels in 
the northern lagoon (Helsby, 2008); they have been referred to as ‘triple-junction 
scour holes’ in a study of the region by Amos et al. (2005). The 2006 bathymetry 
shows dredge marks that correspond to the location of the MOSE barrier trench, 
which was at the early stages of construction at the time of the survey (marked in 
Fig.  3.17d).  The  trench  is  a  2  m  deep  hole  excavated  on  the  inlet  bed  to 
accommodate a floating barrier, which will be raised from the bed during extreme 
high water (see Fig. 2.7). 
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Figure 3.17 Chioggia Inlet bathymetry corresponding to (a) 1927 (dashed 
lines indicate cross-sections), (b) 1970, (c) 2002 and (d) 2006 (red rectangle 
shows dredge marks for MOSE barrier trench)  
The  frequency  distribution  of  depths  within  the  inlet  was  calculated  for  1927, 
1970, 2002 and 2006 (Fig. 3.18). This alternative method allowed an independent 
analysis of the bathymetric data sets, which did not require interpolation of the 
depth  data  points;  therefore,  eliminating  any  uncertainties  introduced  by  the 
interpolation  method.    The  frequency  distribution  curves  for  each  of  the  four 
surveys show a clear decrease in the mode, from a value of -5.5 m in 1927, to -7.5 
m in 1970, to -9.5 m in 2002 and 2006. The 1927 data show a bimodal behaviour, 
with a second mode at -8 m. These two modes can be clearly identified from the 
bathymetry  surface  of  Fig.  3.17a,  where  the  inlet  northern  section  was  clearly 
deeper than the southern section, corresponding to the remants of the relict ebb-
tidal delta and the newly-formed channel, respectively. The distribution range of 
the 1970 data is the narrowest, with 30% of the data occupying the main mode of -
7.5 m; a considerably smaller mode is present at -4.5 m. A similar behaviour is 
observed in the 2002 data, where a clear mode at -9 m and a smaller second mode 
at  -5  m  exist.  In  all  three  cases,  the  two  identified  modes  represent  the  main 
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channel  and  the  depositional  features,  respectively.  This  means  that  while  the 
navigation channel has become deeper, the depositional areas have become slightly 
shallower. Finally, in 2006, the presence of the MOSE  trench can be seen at a 
depth at -14 m, as well as a main mode at -9 m. The peak corresponding to the 
depositional  features  is  seen  only  as  a  tail  in  the  distribution  of  2006,  which 
implies a reduction in size of the depositional areas. 
 
 
Figure 3.18 Frequency distribution of depths in Chioggia Inlet in 1927, 1970, 
2002 and 2006 
The change in the distribution of areas with a specific depth was calculated for the 
periods 1927-1970, 1970-2002, and 2002- 2006 (Fig. 3.19). The natural deepening 
of the inlet is clear from the three comparisons; shallower areas have eroded and 
become deeper. The greatest change in area is observed for depths of between -5 
and -10 m. An area of up to 150,000 m
2 changed from -5.5 m in 1927 to -7.5 m in 
1970, while an area of up to 180,000 m
2 deepened from -7.5 m in 1970 to -9.5 m in 
2002.  
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Figure 3.19 Change of area/depth distribution between 1927 and 1970, 1970 
and 2002 and 2002 and 2006 
Cross-sections of the Chioggia Inlet reveal that the area with least morphological 
change is the lagoon side, where the scour hole is located (see Cross-section 1 in 
Figs. 3.17a and 3.20a). The central area, by contrast, shows an evolution towards a 
u-shaped channel and deepening of the main channel from -6.5 m to a depth of 
approximately -10 m (Fig. 3.20b). Cross-section 3, which is the most seaward, has 
experienced erosion of the main channel and the area next to the northern jetty (3 
m and 4 m respectively), whilst deposition of up to 5 m has occurred next to the 
southern jetty on what is clearly a depositional feature (Fig. 3.17c and d, and Fig. 
3.20c); this is similar to the ebb spit identified by Helsby (Helsby, 2008) in the 
Lido Inlet. The average increase in cross-sectional area between 1927 and 2006 
was 1.13% (Fig. 3.21). All three cross-sections seem to have increased between 
2002  and  2006;  the  channel  deepening  could  be  the  inlet’s  response  to  the 
narrowing of the channel after construction of the MOSE refuge port, in order to 
maintain the O’Brien (O'Brien, 1931) tidal prism/cross-sectional area relation (see 
Chapter 1, equation 1.1). Alternatively, it might be an effect of the construction of 
the detached breakwater, outside of the Chioggia Inlet.  
 
2
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Figure 3.20 Evolution of the cross-sectional profile of Chioggia Inlet at the 
lagoon mouth (a), central part (b) and seaward mouth (c) between 1927 and 
2006 
Superimposition  of  bathymetric  charts  has  illustrated  the  areas  of  erosion  and 
deposition within the inlet (Fig. 3.22). The results show that the inlet has mostly 
suffered erosion over its central part, whilst deposition has occurred mostly next to 
the  jetties.  The  pattern  of  erosion  and  deposition  observed  in  the  comparison 
between  1927  and  1970  (Fig.  3.22a)  shows  a  tendency  towards  erosion  of  the 
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shallower areas and deposition within
distribution  of  depths,  by  the  end  of  that  period.  This
results  obtained  from  the  depth  frequency 
from the changes in the area/depth distribution (Fig. 3.19
 
 
 
 
 
 
Figure 3.21 Cross-sectional are
section 1 is located near the lagoon, 
cross-section 3 is near the seaward mouth)
 
 
 
 
 
 
 
 
 
 
 
Figure 3.22 Bathymetric comparisons of the inlet (depth change shown in 
metres) for (a) 1927-1970, (b) 1970
shows dredge marks)
a 
b 
1970 - 2002
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deposition within deeper parts, resulting in a more uniform 
by  the  end  of  that  period.  This  pattern  agrees  with  the 
results  obtained  from  the  depth  frequency  distribution  analysis  (Fig.  3.18)  and 
ea/depth distribution (Fig. 3.19). 
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Table 3-5 Long-term bathymetry changes in the Chioggia Inlet channel 
Period 
Volume change 
(m
3) 
Annual volume 
change (m
3/a) 
Total area considered 
(m
2) 
1927-1970  -966,101  -24,153  981,685 
1970-2002  -675,244  -22,508  982,341 
2002-2006  -248,050  -41,342  880,384 
  -118,450*  -19,742*   
Total  -1,759,795*  -23,155*  - 
*Volumes corresponding to the storm surge barrier trench (dredged in 2006 
just before the survey) were excluded from calculations 
 
Ebb-tidal delta and subaqueous spits 
A well defined ebb-tidal delta was identified in this study (Fig. 3.23a). It has a 
surface area of 0.8 km
2 and extends 1.3 km seawards of the inlet, from the end of 
the jetties to the terminal lobe, in line with the main inlet channel.
 The delta has an 
asymmetrical elongated shape that does not seem to be related to the predominant 
direction  of  the  West  Adriatic  Coastal  Current  (WACC)  (Amos  et  al.,  2006; 
Fontolan  et  al.,  2007;  and  Villatoro,  2007).  The  delta  experienced  an  average 
vertical accretion of 1 m between 1990 and 2005  (Fig.  3.22b); this  amounts to 
deposition of around 6 cm/a.  
Additional deposition is observed on the beach side of the jetties in Sottomarina 
and  Ca’Roman  (Fig.  3.23a).  The  jetties  have  trapped  the  sand  supplied  by  the 
littoral current, and the deposited sand has formed two shallow areas that extend 
parallel to the tidal channel for almost 1 km; they reach as far as the tip of the 
jetties. Vertical accretion between 1990 and 2005 was up to 4 m, with an average 
deposition rate of 14 cm/a. The accumulation is so great that the southern spit is 
now  connected  to  the  ebb  tidal  delta.  This  deposition  is  related  to  the  rapid 
progradation  of  Sottomarina  and  Ca’Roman  beaches  (5  m/a  and  6  m/a, 
respectively),  calculated  from  historical  charts  (Balleti,  2006)  and  aerial 
photographs (CORILA, 2007).  It  is  possible that  the  deposition  observed at the  Seabed sediments and morphology 
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Figure 3.23 (a) Cut-fill volume change analysis (1990-2006), where red is 
volume gain, and blue is loss, and (b) contours of volume change (1990-2006) 
for the ebb tidal delta and the ebb spit area 
 
Figure 3.24 Growth and migration of the Chioggia Inlet, between 1990 and 
2006 (colour-coded surfaces correspond to the 1990 bathymetry, and contours 
to the 2005 bathymetry)  
b  a Seabed sediments and morphology 
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mouth of the inlet is the result of sediment by-passing from the spits and into the 
inlet channel. Deposition in this area has been almost 6 m since 1927 (Fig. 3.19c), 
of which 1 m was deposited between 1990 and 2005 (Fig. 3.23b), showing that 
deposition rates have decreased slightly with time. The average deposition rate at 
the inlet mouth is 7 cm/a, similar to that of the delta; further suggesting that there 
is a common source of sediment for both features. 
Estimates  obtained  from  the  bathymetric  comparison,  between  1990  and  2005, 
show that up to 50,000 m
3/a of sand were deposited in the delta, during that period. 
The delta appears to have migrated northwards by a few hundred metres, but has 
maintained its shape. This is evident when compared to the proto-delta location in 
1990 (Fig. 3.24). Scour of up to 5 m has occurred at the end of the jetties, mostly 
on the north side, although erosion in that area is very much localised. 
3.3.2 Beach and bed sediments 
Median sediment diameters within Chioggia Inlet and the adjacent beaches range 
from 100 to 400 µm (very fine to medium sand, according to the Folk and Ward 
(1957) scale) (Fig. 3.25). Fine and medium sand is found inside the inlet and in the 
delta area, whilst medium sand dominates the littoral. Very fine sand is only found 
along the outer parts of the coast, surrounding the delta, which agrees with Albani 
(1998),  who  described  a  mud-belt  located  along  the  Venetian  littoral  at  depths 
greater than 8 m.  
Inside  the  inlet,  coarser  material  (of  up  to  369  µm)  is  found  near  the  seaward 
mouth adjacent to the southern jetty. Such coarse sediment is not found anywhere 
else in the lagoon, suggesting a source from the adjacent Sottomarina beach. In 
addition, visual analysis of this material identified an abundance of broken shells 
with  a  composition  and  distribution  only  found  in  the  surf  zone  sand  bars  in 
Sottomarina.  This  interpretation  agrees  with  the  results  obtained  from  the 
bathymetric analysis, which suggest that material from the southern sub-aqueous 
spit  is  being  by-passed  into  the  inlet:  the  reported  direction  of  littoral  drift  in 
Sottomarina  is  from  south  to  north  (Brambati  et  al.,  1978;  Gatto,  1984).  
Furthermore, the grain size of Sottomarina beach decreases northwards, as shown Seabed sediments and morphology 
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by the regression line obtained for the grain size data in Fig. 3.26. The grain size 
shows  a  clear  decreasing  trend  from  north  to  south,  suggesting  there  is  active 
transport to the north along the coast; such fining of material is typical of wave 
dominated environments (Folk and Ward, 1957; Gao and Collins, 1994). 
 
 
Figure 3.25 Seabed grain size distribution 
Sediments  from  within  the  delta  area  are  considerably  coarser  than  in  the 
surrounding areas, ranging from 140 to 230 µm. The delta sediment is composed 
largely of fine sand (78% to 98%), whilst surrounding areas of the delta present a 
high  content  of  fines  (up  to  50%,  Fig.  3.27a).  Such  fine  sediment  can  only  be 
found inside the lagoon, in the outer coast, particularly within the mud-belt region 
described by Albani (1998), and in areas of scour or dredging where older strata 
composed of finer material are exposed. One example is the area lying at the end 
of the northern jetty, where both a high percentage of fines and scour are observed. 
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Figure 3.26 Median grain diameter of samples collected along Sottomarina 
beach  
The sediment parameters of the samples collected in the study area were plotted as 
colour coded maps (Fig. 3.27b, 3.27c and 3.27d). Overall, sediment in the study 
area is well sorted to moderately sorted. Sorting is higher in the outer coast around 
the mud-belt region and lower along coast and in the inlet and delta areas. It is 
interesting to note that sorting increases in the area where the dredging works were 
carried out inside the inlet; this could be due to the exposure of sediment from 
deeper strata, which are generally finer and better sorted (Bondesan and Meneghel, 
2004).  In  general,  poor  sorting  coincides  with  areas  of  expected  sediment 
transport,  such  as  the  shoreface  and  the  inlet  entrance.  The  skewness  of  the 
sediment is mostly symmetrical, except for the inlet, Ca’Roman and part of the 
delta (where sediment is coarsely skewed) and the outer coast (where it is finely 
skewed). The map of kurtosis shows a similarity between the sand in the inlet and 
Ca’Roman, with the sand in the delta, with leptokurtic to very leptokurtic values, 
whereas  Sottomarina  and  the  outer  coast  seem  to  be  platykurtic.  It  can  be 
concluded, from the analysis of the sediment parameters, that there is a similarity 
between  the  sediment  found  along  the  beaches,  and  the  sediment  in  the  delta 
region. 
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Figure 3.27 Maps of (a) percentage composition of fine sediment (<63 µm), 
(b) sorting, (c) skewness and (d) kurtosis 
The  carbonate  content  analysis  suggests  that  the  sand  in  Sottomarina  and 
Ca’Roman beach have different sources (Fig. 3.28), since the samples collected in 
Ca’Roman  (P1  and  P2)  have  almost  twice  the  content  of  dolomite,  as  those 
samples from Sottomarina (S002, S007, S012, S017, and S022). The difference in 
the level of carbonate content, on both sides  of the inlet, has an anthropogenic 
origin. Sand in Ca’Roman is composed mostly of beach renourishment material, 
dumped in Pellestrina between 1995 and 1999, then carried south into Ca’Roman 
b  a 
c  d Seabed sediments and morphology 
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by the littoral current (M.A.V., 2008). This sand was dredged originally from the 
northern Venetian littoral, which is supplied with carbonate-rich sediment from the 
Dolomites  (60%  carbonate),  by  the  Piave  and  Sile  Rivers.  The  sand  found  in 
Sottomarina, on the other hand, is supplied by the Brenta and Adige Rivers that 
originate in the Alps; hence, the lower carbonate content (< 20% carbonate). 
 
 
Figure 3.28 Carbonate content of the samples analysed (P samples correspond 
to Ca’Roman, SO samples to Sottomarina, B sample to the inlet mouth and M 
samples to the delta area) 
The calcimetry analysis shows that the carbonate content of the delta is around 
50%, which is between that of the sand of Sottomarina and Ca’Roman, suggesting 
that there might be a supply of sediment from both beaches, into the delta. This 
suggestion  is  supported  by  the  similarity  between  the  skewness  and  kurtosis 
distribution of the sediments, as shown in Fig. 3.27c, which indicates that material 
from Ca’Roman might be by-passing the inlet and breakwater, into the delta. The 
inlet sample (B5), located in the inlet mouth next to the southern jetty, presents the 
same low carbonate content as the sand sampled in Sottomarina; thus suggesting 
that sand is by-passed around the tip of the southern jetty, via the southern sub-
aqueous spit, then into the inlet. 
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3.3.3 Seabed classification and characterisation 
The  sediment  characteristics  were  correlated  to  depositional/erosional  features 
observed  in  the  bathymetric  comparisons  (1990-2006),  in  order  to  identify  the 
areas of sand transport, thus suggesting potential transport pathways. The erosional 
and depositional features were divided into categories following the classification 
of  Helsby  (2008):  Areas  of  significant  deposition  are  depth  changes  over  2  m,  
deposition is considered to be anything between 0 and 2 m, erosion is from 0 to -2 m, 
and scour is any loss of over -2 m.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.29 Relationship between depth change (1990-2006) and seabed 
median grain size Seabed sediments and morphology 
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The location of fine sediment within the inlet appears to be correlated to the deeper 
parts  of  the  inlet,  whilst  shallower  or  depositional  areas  are  associated  with 
significantly coarser material. Areas of coarse material within the inlet are located 
near to the seaward mouth, next to the southern jetty and near the lagoon mouth 
next to the northern jetty; both are depositional areas. Outside the inlet, coarser 
sediment grain sizes also seem to be correlated with depositional features, such as 
the ebb-tidal delta, the sub-aqueous spits, and Sottomarina and Ca’Roman beaches. 
Finer material can be found only surrounding the ebb-tidal delta, at water depths 
greater than 8 m in the region of the mud-belt described by Albani et al. (1998). 
The correlation between depositional environments and coarser material indicates 
that potential transport  occurs across the inlet, in a diagonal direction from the 
northwest to the southeast (corner), and along the shoreface of Sottomarina and 
Ca’Roman. 
3.4 Discussion
3.4.1 Morphological evolution 
The southern basin of Venice Lagoon has suffered erosion at a rate 187,500 m
3/a 
between 1927 and 2002. The net rate of loss was slightly higher between 1927 and 
1970, than between 1970 and 2002. However, two anthropogenic factors must be 
considered  when  analysing  these  rates.  These  are  the  construction  of  a  major 
navigation channel during the first period, which makes erosion appear larger, and 
the construction of artificial saltmarshes during the second period which, in turn, 
makes  deposition  appear  larger  than  actual.  When  these  are  taken  into 
consideration, it is possible to see that the loss of sediment occurred mostly during 
the second period and was due, to a great extent, to erosion of the tidal flats. Tidal 
flats went from covering 51% of the Southern Basin in 1970 (56% in 1927) to only 
16.5% in 2002. The same period saw the surface area of the subtidal flats double, 
from 34% in 1970 to 65% in 2002. Part of the eroded sediments have deposited in 
the channels, which underwent siltation during the period of 1970 to 2002, with a 
decrease in their area of almost 1 km
2 (5% reduction) within the Southern Basin, Seabed sediments and morphology 
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during that period (Fig. 3.30). The average depth of the Southern Basin has also 
increased, from -0.8 m in 1927 to -1.2 m in 2002.  
 
 
Figure 3.30 Conceptual model of the morphological change of the Southern 
Basin between 1927 and 2002 (red arrows depict natural changes, whilst the 
black arrows refer to human-made changes) 
The natural rate of erosion of the lagoon sediments was exacerbated by a series of 
factors. The most notable of these is the deepening of the lagoon, caused by the 
relative sea level rise of 23.56 cm during last century. Of this, 9 cm corresponded 
to land subsidence resulting from underground water extraction between 1930 and 
1970,  and  11  cm  corresponded  to  sea  level  rise.  The  deepening  of  the  lagoon 
allowed  higher  waves  to  form,  which  resuspend  sediment;  this  was  then 
transported out of the lagoon, with the ebbing tides. Another contributing factor to 
sediment resuspension and to the disturbance of the level of consolidation of the 
superficial  sediments  has  been  illegal  clam  fishing,  which  is  carried  out  by 
collecting  the  clams  out  of  the  sediments  with  seabed  drags.  The  transporting 
power of the tidal currents also increased with the inherently larger tidal prism (by Seabed sediments and morphology 
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almost  1  million  m
3 between 1930  and  2000),  resulting  from  lagoon  deepening 
(Umgiesser et al., 2009). These results agree with those of Solidoro et al. (2004a), 
who state that Chioggia Inlet has the potential to export sediment under all wind 
conditions, except for the Sirocco. Results herein agree also with the findings of 
Sarretta et al. (2010), who calculated a net export of sediment of around 133,000 
m
3/a  through  the  Chioggia  Inlet,  between  1927  and  2002.  Their  values  were 
calculated  considering dredging and  habitat reconstruction  volumes;  when these 
are considered, the rate of loss of sediments from the Southern Basin, estimated in 
this study, is 125,770 m
3/a (Fig. 3.30). Further discussion of the volumetric data is 
undertaken in Chapter 6, in the analysis of the sand budget of the Chioggia Inlet. 
The inlet has been affected by a similar amount as the lagoon, with the average 
depth  increasing  during  the  three  periods  studied  (1927-1970,  1970-2002  and 
2002-2006). The central part of the channel deepened between 3 m  and  3.5 m, 
from 1927 to 2002; this equates to a rate of 4.1 cm/a, which is very similar to the 4 
cm/a reported by Helsby (2008) in the Lido Inlet, over the same period. No records 
of maintenance dredging for navigation purposes could be obtained; therefore, it is  
not possible to assess how much of the sediment loss has been natural. The inlet is 
reported to  have reverted the erosional trend observed between 1927 and 2002; 
according to Umgiesser et al. (2009), it reached an equilibrium state in 1990, and 
Tambroni and Seminara (2006) report the inlet to be now in a depositional phase. 
These findings agree with a decrease in the measured rate of sediment loss, from 
24,150 m
3 to 19,750 m
3, during the three periods studied, and with the presence of 
depositional features, such as those observed next to southern jetty, near to the 
mouth  of  the  inlet.  Two  main  changes  are  observed  from  the  plots  of  cross-
sectional area change, as a function of time: deposition next to the southern jetty; 
and deepening  of the main navigation channel. This  behaviour is similar to the 
reported evolution of Lido Inlet, during the same period (Helsby, 2008), where an 
ebb spit has formed adjacent to the northern jetty, and deepening of the navigation 
channel  is  observed.  Thus,  it  is  proposed  that  the  Chioggia  Inlet  is  importing 
sediment from the adjacent Sottomarina, in the same way that sand from Cavallino 
is now by-passing the northern jetty into Lido Inlet, feeding the existing ebb spit. 
Overall,  cross-sectional  areas  in  Chioggia  Inlet  have  only  increased  by  1.12% Seabed sediments and morphology 
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between 1927 and 2006; this compares well with the increase of 1% reported by 
Helsby (2008), for the Lido Inlet. However, there has been a marked and recent 
increase  in  the  cross-sectional  areas,  between  2002  and  2006.  The  question  of 
whether  this  has  been  caused  by  the  construction  of  the  detached  breakwater 
outside  of  the  Chioggia  Inlet,  or  by  the  narrowing  of  the  inlet  channel  after 
construction of the MOSE refuge ports, should be addressed. 
The inlet has developed an asymmetrical ebb-tidal delta since the construction of 
jetties was undertaken, in order to stabilise the navigation channel into the Port of 
Chioggia in the 1930’s. The existence of the delta is a significant finding, because 
of  the  sediment  storing  capacity  of  this  feature;  also,  because  it  corresponds 
closely with the reported behaviour of the Lido Inlet ebb-tidal delta (Amos et al., 
2005; Amos et al., 2010b; Helsby, 2008). An age of approximately 50 years has 
been estimated for the ebb-tidal delta, based upon the measured deposition rate of 
6 cm/a between 1990 and 2005 and the reported delta thickness of 3 m (Brancolini 
et al., 2006). Comparison between the bathymetries of 1990 and 2005 reveal that 
the ebb-tidal delta has gained 50,000 m
3/a of sediment, during that period (Fig. 
3.31).  
The inlet presents a well-defined ebb channel and scour at the end of the jetties. 
Scour is observed also at the northern tip of the detached breakwater, near the path 
of the ebb channel. Scour in these two areas is likely to be caused by the ebb-jet, 
which is a high velocity flow formed due to the constrictive effect to the jetties 
(Elias and van der Spek, 2006; Seabergh, 2001) (see Section 1.2.2).  
Since  the  construction  of  the  jetties,  the  sand  bars  separating  southern  Venice 
Lagoon from the Adriatic Sea have prograded at rates of up to 6 m/a, particularly 
in the areas of Sottomarina and Caroman, where a terminal groyne effect is taking 
place,  retaining  the  sand  transported  by  the  longshore  current.  Erosion  has 
occurred upstream of these depositional areas, where protection structures, as well 
as renourishment programmes, have been implemented, in Isola Verde to the south 
of Chioggia, and Pellestrina, north of Chioggia. Deposition has been so great that 
two sub-aqueous spits have formed next to the inlet, on the beach side (Fig. 3.31).  Seabed sediments and morphology 
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3.31 Comparison of bathymetry between 1990 and 2005 (contours correspond 
to the 2005 bathymetry and depths changes are in metres) 
3.4.2 Proposed transport pathways 
Two  potential  transport  pathways  were  identified;  one  is  an  export  of  material 
eroded from the lagoon mudflats, through the Chioggia Inlet and onto the ebb-tidal 
delta. The delta growth can be related to the increase in the tidal prism, as well as a 
decrease in the inlet width/depth ratio (Hicks and Hume, 1997). It is thought that 
the finer fraction (transported as wash-load) is deposited farther offshore in the 
mud-belt  region,  whilst  the  sand  fraction  feeds  the  delta.  The  pathway  of  sand 
through the inlet seems to be from the northwest part diagonally to the southeast 
area where the proto-ebb spit is found. The second pathway is driven by littoral 
drift, with sand transported towards the Chioggia Inlet both from the north and 
from  the  south.  Some  of  the  sediment  transported  along  the  Ca’Roman  and 
Sottomarina frontages is deposited into the sub-aqueous spits, whilst the rest is by-
passed into a proto-ebb spit inside the inlet and into the ebb-tidal delta. Thus, the 
ebb-tidal  delta  is  likely  to  be  composed  by  a  mixture  of  lagoonal  sands  and 
beach/river  sands,  from  longshore  transport.  The  origin  of  the  beach  sand  was 
investigated through mineralogical studies and two sources were identified: sand 
from  the  Brenta  and  Adige  rivers,  flowing  northwards  along  the  Sottomarina 
frontage  and  into  Chioggia  Inlet;  and  renourishment  sand,  fed  into  Pellestrina Seabed sediments and morphology 
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during the mid-1990’s; this is transported south along the Ca’Roman frontage, by 
the southerly North Adriatic geostrophic circulation.  
The nature and magnitude of these two pathways of sediment transport are studied 
in more detail in the following Chapters, at smaller scales than those dealt with 
here. 
3.5 Conclusions 
It appears that long-term morphological changes in southern Venice Lagoon are 
driven by erosion of the tidal flats, together with the export of sediment through 
the Chioggia Inlet.  It is evident that, even though some of the material eroded 
from the tidal flats is deposited into the tidal and navigation channels, the inlets 
play a major role in the lagoon’s sedimentary budget, in exporting both sand and 
fines.  
Anthropogenic influence has had a determinant role in the long-term volumetric 
balance  of  the  Southern  Basin,  with:  human-induced  subsidence,  increasing  the 
depth  of  the  lagoon;  illegal  clam  fishing  and  ships  resuspending  sediment;  and 
dredging for navigation purposes and saltmarsh reconstruction, etc.  
The  following  features  have  been  identified  in  the  Chioggia  Inlet:  (a)  an 
asymmetrical ebb tidal delta, located to the southeast of Chioggia Inlet mouth; (b) 
a sub-aqueous spit, to the north of the Chioggia Inlet; (c) a sub-aqueous spit, to the 
south of the Chioggia Inlet; and (d) a proto-ebb spit at the inlet mouth. 
It is proposed that the net loss of 125,770 m
3/a of sediment to the sea accounts for 
some of the material forming the ebb-tidal delta, which has accreted at a rate of 
50,000 m
3/a, since 1990. Another source of material for the delta is littoral drift, 
which has formed two spits adjacent to the inlet jetties. Two rivers, the Adige and 
the Brenta are  considered  to  be important  sources of  material for  the  northerly 
littoral drift current, whilst renourishment material was identified as the source for 
the southerly drift. It is likely that some of this sediment is accounting also for the 
volume  gain  of  the  delta,  as  demonstrated  by  the  distribution  of  the  grain  size 
parameters in the area. How much of the littoral drift is actually being fed into the Seabed sediments and morphology 
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delta, and how much is supplied by the lagoon through the inlet are two questions 
that are dealt with in the succeding Chapters. 
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4 Results: Sand transport through 
Chioggia Inlet 
 
   
 
 
4.1 Introduction 
The inlets of the Venice Lagoon play a major role in the lagoon’s sediment budget, 
providing the pathways for export of both sand and fines (as demonstrated in the 
previous Chapter). Estimates of the total sediment input and output through the 
inlets,  have  been  published  (Amos  et  al.,  2010a);  however,  they  appear  to  be 
associated  with  a  high  level  of  uncertainty.  Reported  present  values  for  all  the 
inlets range from 230,000 m
3/a (Bianchi et al., 2004), to 380,000 m
3/a  (Defendi et 
al.,  2010),  to  461,000  m
3/a  (Chiarlo  and  Fornasiero,  2005),  to  800,000  m
3/a  
(Sarretta et al., 2010). Variations in the values can be explained, at least partially, 
by the different methods used. Sand transport estimates have been obtained mostly 
through  numerical  simulations  (Coraci  et  al.,  2007;  Ferrarin  et  al.,  2010;  and 
Tambroni and Seminara, 2006). However, the models have not been validated, due 
to  absence  of  measurements  of  mass  transport  across  the  inlets.  This  Chapter 
attempts  to  address  this  particular  issue,  in  order  to  include  the  Chioggia  Inlet 
within  the  overall  understanding  of  the  lagoon  budget,  by  providing  a  robust 
comparison of data sets based upon the direct measurements of sand transport.   
The activities and results reported in this Chapter have been published (Villatoro et 
al., 2010) and are part of a larger project to monitor the transport of solid matter 
between the Adriatic Sea and Venice Lagoon. This project aims to combine ADCP Sand transport through Chioggia Inlet 
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measurements,  made  both  continuously  at  a  fixed  point  in  each  inlet  and 
periodically  across inlet  sections  (Defendi et  al., 2010;  Kovačević  et  al., 2008) 
with estimates from the coupled model SHYFEM-SEDTRANS05 (Ferrarin et al., 
2010). The upward-looking, fixed ADCPs do not read the bottom 2 m of the water 
column,  due  to  side-lobe  interference  (Heinz-Herman,  1994).  Thus,  the  crucial 
near bed sediment transport remains undetected. The measurements presented in 
this Chapter were carried out in order to provide information about that bottom 
layer, to supplement the ADCP data. 
Even though near-bed transport accounts for only 10% of the total transport across 
the Venetian inlets (Tambroni and Seminara, 2006), it cannot be neglected in the 
estimation of a sediment budget. Elsewhere, Soulsby and Damgaard (2005) have 
suggested that the evolution of bed morphology at a local scale may depend more 
upon  bedload  than  suspension,  since  bedload  reacts  rapidly  to  local  flow 
conditions,  whereas  suspended  sediment  does  not.  Amos  et  al.  (2008;  2006) 
reported good results in an initial attempt to measure bedload and suspended sand 
transport, using modified Helley-Smith samplers in the Lido and Chioggia Inlets. 
This Chapter builds upon these results, by including two field campaigns at two 
other study sites within the Chioggia Inlet.  
The primary objective of this work is to understand the mechanisms and patterns 
of sand transport in the Chioggia Inlet. Likewise, to provide a comparative data set 
for the Lido Inlet, in order to understand sand transport and exchanges with the 
Adriatic Sea. In particular, we aim to identify the magnitudes and dominant modes 
of sand transport in the inlet. The requirements to achieve this are outlined below. 
a)  To derive the thresholds for transport and suspension. The critical condition 
at which sand starts to move, and whether it is transported as bedload or in 
suspension has been subject to wide debate in the literature (Amos et al., 
2010b). According to Bagnold (1966), sediment finer than 125 µm moves 
directly  into  suspension;  however,  this  has  been  contested  by  McCave 
(1984). The suspension criterion of Lane and Kalinske (1941), also termed 
the Movability Number by Collins and Rigler (1982) is defined by the ratio 
of  the frictional velocity  (u*), to the particle settling velocity (Ws).   The Sand transport through Chioggia Inlet 
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inverse Movability Number has been evaluated as 2.5 by Van Rijn (1984b) 
and  Niño  et  al.  (2003),  and  as  2  by  Samaga  et  al.  (1986).    Komar  and 
Clemens (1985) suggested a value closer to unity, whereas Lee et al. (2004) 
shows  it  to  vary  from  0.3  to  5.  The  ratio 
* u
Ws   can  be  related  to  the 
dimensionless grain diameter (D*) though the Shields parameter (θc); this 
can be used to identify both the motion and suspension threshold, through 
experimentally  derived  curves.  Accurate  evaluation  of  the  inverse 
Movability  Number  is,  therefore,  key  to  the  identification  of  threshold 
conditions and the subsequent prediction of sand transport.  
b)  To obtain a relationship between sand transport magnitude and tidal flow 
magnitude. 
c)  To  define  the  distribution  of  sand  sizes  and  grain  settling  velocity,  with 
height above the bed. 
d)  To  identify  the  sand  transport  pathways,  through  the  relationship  of 
transport to bed grain size. 
e)  To test the validity of the Rouse profile of sand concentration, against the 
measured  vertical  distribution  of  sand.  To  identify  the  patterns  of  the 
distribution of sand in suspension under different tidal flow conditions will 
aid the future computation of the distribution of sand in suspension, through 
the Rouse parameter   


 


* u
Ws
βκ
.  
f)  To compare measured transport rates with model predictions. 
g)  To produce annual estimates of bedload transport.  
4.1.1 Methods to sample sand in transport 
A complete review of the  principles and modes  of  sediment transport  has  been 
given in Chapter 1 (Section 1.2.3).  Sand transport through Chioggia Inlet 
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4.1.1.1 Measurements of suspended sediment transport 
There  are  two  principles  under  which    suspended  sediment  transport  can  be 
measured; direct and indirect (Van Rijn, 2007). The direct method is based upon 
the measurement of a time-averaged or depth-integrated sediment transport, at a 
certain point. This is undertaken usually by moving a sampler through the water 
column, at a uniform speed. The indirect method is based upon the simultaneous, 
but  separate,  measurement  of  the  time-averaged  fluid  velocity  and  the  time-
averaged sediment concentration; these are multiplied together to obtain the time-
averaged  sediment  transport.  Errors  in  this  method  can  arise  from  two  basic 
assumptions made: the turbulent flux terms are zero; and the fluid and sediment 
particle velocities are equal. 
A wide range of instruments is available to measure suspended sediment transport. 
These  range  from  simple  mechanical  samplers  to  sophisticated  optical  and 
acoustical sensors, such as the ADCP (as used  in this study).  Samplers usually 
measure  the  suspended  load  directly  (depth-integrated),  whilst  optical  and 
acoustical sensors use the indirect approach (point-integrating). 
4.1.1.2 Measurement of bedload transport rates 
The most widely used method for the measurement of bedload transport is direct 
sampling, using mechanical trap-type samplers (Van Rijn, 1993; Van Rijn, 2007). 
A variety of bedload samplers exists, that have been designed largely to sample 
transport over river beds. This type of sampler presents problems related to the 
operation  of  the  sampler  and  its  varying  efficiency  (Van  Rijn,  2007).  Hubbel 
(1964)  suggested  an  efficiency  of  45%  for  basket  type  samplers,  whilst  Novak 
(1957) recommended efficiencies of 65%, 40% and 60% for the ‘wire mesh’ type, 
the ‘Nesper’ type and the ‘Ehrenberger’ type basket samplers. Both studies refer to 
sampling of coarse sediments, such as gravel, in rivers. Nevertheless, Engel and 
Lam  Lau  (1981)  showed  that  such  high  values  can  be  obtained  only  for  very 
shorter sampling periods, and low flow velocities. Furthermore, measuring bedload 
transport  in  the  coastal  zone  is  notoriously  complex  due  to  the  difficulties 
associated with maintaining the instruments in place. Indirect methods to measure 
bedload transport also exist, such as bed-form migration studies (Van den Berg, Sand transport through Chioggia Inlet 
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1987), volumetric analysis, and tracer studies. However, in this Chapter, we have 
focused upon direct measurements using a type of bedload sampler.   
Selecting the appropriate instrument to measure sediment transport depends upon 
various  factors  (Van  Rijn,  2007):    the  type  of  process  or  parameters  to  be 
measured;  the type  of sampling  environment; the type of sampling; the type of 
project and required accuracy; the available instruments; and the budget available. 
The main requirement for measurements undertaken in this study was to provide 
information for the bottom 2 m of the water column, in order to supplement the 
ADCP data collected. This encompasses sediment moving at the bed, near the bed, 
as well as in suspension. A type of sediment trap was used due to its robustness 
and easy handling. A modified version of the Helley-Smith sampler (Helley and 
Smith, 1971) was purposely manufactured (Fig. 4.1). The basic principle of this 
type of sediment trap is the interception of the sediment particles which are in 
transport close to the bed over a small incremental width of a channel bed (Van 
Rijn, 2007). Most of the particles close to the bed are transported as bedload, but 
the sampler will also collect part of the suspended load, depending upon the height 
of the sampler mouth above the bed. Some of the problems of this type of sampler 
are: over-sampling, due to resuspension of material as the trap is placed on the 
bed;  under-sampling,  due  to  clogging  of  the  bag  mesh  by  finer  particles  and 
organic materials, which reduces the hydraulic coefficient and thus the sampling 
efficiency; and the possible scooping of sediment when pulling the trap away from 
the  bed.  Nevertheless,  the  Helley-Smith  sampler  has  had  extensive  field 
calibration, throughout more than 10,000 tests (Emmett, 1980). 
 
Figure 4.1 Helley-Smith sampler (Emmett, 1980) 
Sample bag 
Intake nozzle 
Frame Sand transport through Chioggia Inlet 
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4.2 Methodology and data collection 
The vertical distribution of sand in transport was measured by deployment of sand 
traps  at  hourly  intervals,  at  three  sites  within  Chioggia  Inlet  (Fig.  4.2).  The 
activities carried out at each site were designed to meet the stated objectives of 
CORILA (2005) and are described below. Some of the work undertaken to date is 
presented in previous publications (Amos et al., 2008; Amos et al., 2006; Amos et 
al., 2010b; and Villatoro et al., 2010).  
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Study sites A (2006), B (2007) and C (2008) in Chioggia Inlet 
(modified from CVN, 2006b) 
4.2.1 Study site A – Central inlet 
The  sampling  site  was  selected  to  be  located  near  a  bottom-mounted  ADCP, 
deployed in Chioggia Inlet in 2002 (45° 13.879’, 12° 17.920’) and described by 
Gačić et al. (2004). The site was 9 m deep at low water. The vertical distribution of 
sand  in  transport  was  measured  on  the  11
th  and  12
th  September,  2006,  by 
deployment of an array of three traps from an anchored boat (Fig. 4.3a).  
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Figure 4.3 Schematic of the samplers configuration used during each field 
campaign and the complementary instrumentation deployment (Valeport 802, 
ADV, LISST-100X, and ADCP) 
Modified Helley-Smith samplers (Helley and Smith, 1971), fitted with 60 µm mesh 
nets  and  square  intake  openings  of 12 x  12 cm,  were  used  for the  bottom  two 
measurements. These samplers were lowered to the seabed, where they sat facing 
into  the  tidal  flow  (Figure  4.3a).  The  epi-benthic  trap  was  fitted  with  a  foot 
structure to raise the mouth, so that its centre was 20.5 cm above the bed. The 
centre  of  the  benthic  trap  mouth  was  assumed  to  be  6  cm  above  the  bed.  The 
sampling area of the trap mouth was oriented perpendicular to the flow, by tail fins 
on  the  samplers  (Helley  and  Smith,  ibid).  A  hand-held  sampler  with  a  circular 
intake  opening  of  25  cm  and  also  fitted  with  a  60  µm  net  was  deployed, 
Site A (central) 
Site B (east) 
Site C (west) Sand transport through Chioggia Inlet 
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perpendicular  to  the  flow  and  near  the  surface.  The  trapping  efficiency  of  the 
surface trap was investigated through field calibration by Amos et al. (2008; 2006; 
2010b) and was evaluated as 3.7 %. Trap efficiency was assumed constant with 
depth and for all the traps. 
The traps were deployed for periods of 15 to 20 minutes, during both flood and ebb 
phases of the tide. Sampling periods and the tidal stage during sampling are shown 
in Figure 4.4a. A total of 12 profiles were measured during two days of sampling. 
At the end of each sampling interval, the traps were pulled onto the boat where the 
nets were washed with freshwater and the sand was collected directly into a 63 µm 
sieve.  
A  bed  frame-mounted  ADCP  (600  kHz  RDInstruments
®  Workhorse  Monitor) 
provided continuous measurements of backscatter, temperature, flow direction and 
velocity, every 10 minutes from a height of 2.12 m above the seabed, every metre 
to the surface (Kovačević et al., 2008). 
4.2.2 Study site B – East inlet 
Site B was located near the seaward mouth of the inlet and was 6 m deep at low 
water (45° 13.769’, 12° 18.694’). It was selected because it is a sandy shoal and 
was  expected  to  be  an  area  of  active  transport  (Fig.  4.2).  Measurements  were 
carried out  on the 13
th and 14
th  July,  2007. The vertical distribution of sand in 
transport  was  measured  by  deploying  an  array  of  four  modified  Helly-Smith 
samplers, from an anchored boat (Fig. 4.3b). The traps were again fitted with 60 
µm mesh nets. The centre of the sampling mouth of the traps was positioned at 6 
cm (benthic trap), 20.5 cm (epi-benthic trap) and 2 m (mid-water trap) above the 
seabed, and near the surface (surface trap). The benthic and epi-benthic traps were 
deployed directly onto the seabed (as described for Site A), whilst the mid-water 
trap was flown at a fixed depth, by reference to a measured line angle.  The traps 
were deployed for periods of 15 to 20 minutes over the tidal cycle (Fig. 4.4b). A 
total of 11 profiles were measured over the two days. At the end of the sampling 
interval,  the  frame  was  recovered  whereupon  the  trap  nets  were  cleaned  with 
freshwater and the sand was washed directly into a 63 µm sieve.  Sand transport through Chioggia Inlet 
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Simultaneous measurements of velocity were carried out at the trap location. A 
self-recording  Valeport  802,  attached  to  a  pyramid-shape  frame  was  deployed 
autonomously;  this  continuously  sampled  2  orthogonal  components  of  the 
horizontal flow at 4 Hz, at 0.45 m above the bed, for the duration of the survey. In 
addition, a Nortek
® Acoustic Doppler Velocimeter (ADV), attached to a second 
pyramid-shape frame, was deployed from the boat every hour, for 5 minutes. The 
ADV measured the three components of the flow at 25 Hz, at 0.34 m above the 
bed.  The mean flow (ū) and the friction velocity (u*) were derived from the time-
series, using the Turbulent Kinetic Energy method (TKE, Soulsby, 1983; Soulsby 
and Humphrey, 1989; Thompson et al., 2003).   
Other instruments, such as a Seafloor Imaging Sonar (SIS), an Optical Backscatter 
Sensor  (OBS),  a  LISST-100X,  one  moving  ADCP  and  one  fixed  ADCP  were 
deployed  during  the  survey  (Figure  4.3b).  The  SIS  recorded  backscatter  in  the 
lower  0.45  m  of  the  water  column  and  the  seabed,  for  5  min  during  each  trap 
deployment (Amos et al., 2008). The OBS and the LISST were mounted on the 
same  frame  as  the  Valeport;  they  logged  hydrostatic  pressure  and  backscatter, 
together with volume concentration and grain size of suspended particulate matter, 
between  2  and  250  µm,  respectively  (Amos  et  al.,  2010b).    The  boat-mounted 
ADCP  measured  backscatter,  temperature,  flow  direction  and  velocity  along  a 
series  of  transects  carried  out  across  the  inlet,  simultaneous  to  the  traps 
deployment. The instrument used was a 600 kHz RDInstruments
® Workhorse Rio 
Grande  (Teledyne  RDInstruments
®),  operated  with  a  0.5  m  vertical  cell  size. 
Additionally, a bed frame-mounted ADCP (600 kHz RDInstruments
® Workhorse 
Monitor)  provided  continuous  measurements  of  backscatter,  temperature,  flow 
direction and velocity every 10 minutes, from a height of 2.12 m above the seabed 
every 1 m to the surface (Kovačević et al., 2008). The data set from the mobile 
ADCP  was  used  to  calibrate  the  fixed  ADCP  data  and  to  estimate  their 
representativity, compared to the behaviour of the studied transects (Defendi et al., 
2010). 
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Figure 4.4 Sampling periods for suspended and bedload sand transport (shown 
in grey) and tide stage for each site Sand transport through Chioggia Inlet 
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4.2.3 Study site C – West inlet 
Site C was located in a shallow water area in the western-most part of the inlet 
(45° 14.08’ 12° 17.324’); it was 5.5 m deep at low water. Sampling was carried out 
on  the  25
th  and  26
th  September,  2008  using  the  same  modified  Helley-Smith 
samplers as in previous campaigns. The configuration of the traps is shown in Fig. 
4.3c. Sampling took place only on ebb tides and during a particularly strong Bora 
event  (NE  wind),  causing  ebb  tides  to  be  higher  than  predicted.  A  total  of  9 
profiles  were  measured  over  the  2  days.  Sample  collection  was  carried  out  as 
described above.  
A downward-looking ADCP (600 kHz RDInstruments
® Workhorse Rio Grande) 
was mounted on a frame at a height of 85 cm, to measure bed displacement.  It 
recorded velocity and backscatter at the trap location, every 5 cm, from 20 cm to 
65 cm above the bed, at 5 min intervals for the duration of the survey (Fig. 4.3c). 
Simultaneous  measurements  of  backscatter,  temperature,  flow  direction  and 
velocity  were  carried  out  using  a  fixed  ADCP  and  a  boat-mounted  ADCP, 
following the procedure described for Site B. 
4.2.4 Sediment analysis 
All of the sand samples collected were oven dried and weighed. The samples were 
asheed  then  at  550  °C  for  5  hours,  to  eliminate  organic  material.  The  organic 
content was determined then by loss on ignition (see Section 3.2.4). The average 
settling velocity of each sample was measured using the National Oceanography 
Centre’s settling column.  The  settling  velocities  were  converted  into equivalent 
sedimentation  diameters,  using  Soulsby’s  (1997)  formula  (equation  1.17);  from 
this, the size distributions were obtained.  
The  total  inorganic  mass  of  each  sample  was  divided  by  the  volume  of  water 
passing through the trap opening during the sampling interval, in order to obtain 
the concentration (mg/L). The volume of water was calculated by multiplying the 
flow  velocity  (m/s)  by  the  trap  mouth  area  (m
2)  by  the  sampling  period  (s). 
Additionally, the sand horizontal flux (kg/m
2/s), was calculated for the surface and 
mid-water  traps and  the transport  rate (kg/m/s) for the benthic (6 cm) and  epi-Sand transport through Chioggia Inlet 
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benthic traps (20.5 cm), by normalising to the area of the opening and the duration 
the traps sampled.  
4.3 Results 
4.3.1 Site A – Central inlet 
Table 4-1 lists the average values of median grain size, organic percentage and 
sand concentration, for samples collected in the central part of the inlet, in 2006. 
The  values  are  averaged  for  each  sample  height  and  for  ebb  and  flood  tides. 
Samples were composed mostly of fine sand of an average median grain size of 
110 µm; this did not vary significantly, with height above the bed. Grain size was 
approximately 10% smaller on the flood tide, than on the ebb tide. This difference 
may be due to the tidal asymmetry, which results in higher velocities on the ebb. 
Surface  samples contained  up  to  94%  percent  of  organic  matter  on  the  ebb;  in 
contrast,  organic  contents  were  higher  nearer  the  bed  on  the  flood,  when  the 
majority  of  benthic  and  epi-benthic  samples  collected  were  dominated  by 
macrophytes, as a result of an earlier storm.  
Table 4-1 Median grain size diameter (d50), organic content, and sand 
concentration of samples collected at Site A (2006) 
Samples 
d50 (µm)  Organic content (%)  Sand concentration (mg/L) 
Ebb  Flood  Ebb  Flood  Ebb  Flood 
Surface  112  96  58.36  24.42  0.12  0.17 
Mid-water  115  -  29.26  -  1.34  - 
Epi-benthic  114  96  14.68  47.39  3.45  1.35 
Benthic  119  117  19.75  58.08  10.79  2.17 
 
An efficiency of 3.7% was applied to the concentrations based upon the calibration 
reported in Amos et al. (2008; 2006; 2010b; Umgiesser et al., 2004a). This value 
stands as low compared to the efficiencies reported by Hubbel (1964) and Novak 
(1957),  using  similar  traps  to  sample  gravel  on  rivers;  however,  it  stands  as 
reasonable when compared to the efficiencies reported by Rey et al. (1987), when Sand transport through Chioggia inlet 
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using the same nets as in this study for zooplankton sampling (7%). It is suggested 
that  the  lower  efficiencies  are  due  mostly  to  clogging  of  the  nets  with  organic 
matter,  which  does  not  happen  when  using  greater  mesh  sizes,  such  as  in  the 
sampling of gravels. 
 
 
Figure 4.5 (a) Measured and predicted current velocity, where back lines 
indicate the number and time of the profile, and (b) measured concentration 
according the predicted tidal elevation for Site A (relative height is the 
normalised height of the trap) 
The  velocities  used  for  the  calculations  were  predicted  with  the  hydrodynamic 
model SHYFEM (Ferrarin et al., 2008; Umgiesser et al., 2004a). A comparison of 
the model output and ADCP data is shown in Figure 4.5. The model reproduced 
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the  measured  ADCP  velocities.  The  modelled  values  appear  consistently  lower 
because  the  predictions  were  obtained  for  a  height  of  0.5  m  above  the  seabed, 
whilst the ADCP measurements corresponded to 2.12 m above the seabed (and are, 
therefore, higher in magnitude).  
Measured  sand  transport  varied  according  to  the  tidal  stage,  with  maximum 
transport  at  peak  current  velocities.  Higher  currents  and  associated  sediment 
transport were observed during the ebb phase, due to tidal asymmetry. Measured 
concentrations  decreased  to  zero  at  slack  water,  but  the  interpolation  method 
selected  for  display  purposes  does  not  show  this  in  Fig.  4.5b  (see  time  =  34.5 
hours). 
4.3.2 Site B – East inlet 
The  average  values  of  median  grain  size,  percentage  organics  and  sand 
concentration for the samples collected in the eastern part of the inlet in 2007 are 
shown in Table 4-2. The values are averaged for each sampled height and for ebb 
and flood tides. The material caught by the traps varied significantly with height 
above the bed; the average was 330 µm for the benthic trap and 128 µm for the 
surface trap. Grain size was approximately 5% smaller in the flood tide than the 
ebb tide. Samples contained a higher percentage of organic matter on the ebb tide, 
except for the benthic traps, which contained up to 10% of broken shell fragments: 
the percentage was higher on the flood tide than the ebb tide, suggesting the shelly 
sediment is moving into the lagoon.  
Concentrations  decreased  with  height  above  the  bed  and  were  generally  higher 
during the ebb phase due to tidal asymmetry. Figure 4.6 shows the variation of 
sediment  transport  according  to  the  measured  tidal elevation  and corresponding 
current  speed.  The  Valeport  frame  tipped  over  at  peak  velocities  (in  Fig.  4.6); 
therefore the velocities used to calculate the concentrations were predicted with the 
hydrodynamic model SHYFEM (Ferrarin et al., 2008). There is agreement between 
the Valeport and ADV measurements and SHYFEM predictions for the ebb phase; 
however it seems that the model slightly over-estimated the velocity measurements 
(Fig. 4.6).  Sand transport through Chioggia inlet 
4.3 Results                                                131 
Table 4-2 Median grain size diameter (d50), organic content and sand 
concentration of samples collected at Site B (2007) 
Samples 
d50 (microns)  Organic content (%)  Sand concentration (mg/L) 
Ebb  Flood  Ebb  Flood  Ebb  Flood 
Surface  127  129  15.51  3.61  6.55  2.14 
Mid-water  -  230  -  3.21  -  55.95 
Epi-benthic  286  258  2.55  2.78  940.44  40.23 
Benthic  333  326  4.36  8.34  6213.00  961.06 
 
 
Figure 4.6 (a) Measured and predicted current velocity, where back lines 
indicate the number and time of the profile, and (b) measured concentration 
according the measured tidal elevation for Site B (relative height is the 
normalised height of the trap) 
a 
b Sand transport through Chioggia inlet 
4.3 Results                                                132 
4.3.3 Site C – West inlet 
Table 4-3 shows the average values of median grain size, organic content and sand 
concentration for the samples collected in the western part of the inlet in 2008. The 
values are averaged for each sampled height, over the ebb tide. No measurements 
were made during the flood tide. As at Site B, the material caught by the traps 
varied significantly with height above the bed, although the range of grain sizes 
was smaller than at Site B. The average median grain size of the benthic traps was 
290 µm, whilst the surface sand was 123 µm. The organic content increased with 
height  above  the  bed,  with  a  maximum  of  20%  near  the  surface.  The  material 
collected by the benthic samples was well-sorted medium sand and of very low 
organic content. 
Table 4-3  Median grain size diameter (d50), organic content and sand 
concentration of samples collected at Site C (2008) 
Samples 
d50 (microns)  Organic content (%)  Sand concentration (mg/L) 
Ebb  Flood  Ebb  Flood  Ebb  Flood 
Surface  123  -  17.26  -  6.18  - 
Mid-water  162  -  20.37  -  6.87  - 
Epi-benthic  256  -  14.12  -  50.22  - 
Benthic  290  -  5.44  -  356.50  - 
 
To  address  the  issue  of  possible  selective  trapping,  the  measured  median  grain 
sizes  from  the  mid-water  and  epi-benthic  samples  were  compared  with  pump 
samples taken simultaneously at the same height above the seabed. The median 
grain sizes of the epi-benthic samples are larger than the pump samples by 10%, 
while the median grain size of the mid-water trap samples are 7% smaller than the 
pump  samples.  Additionally,  the  median  grain  size  of  the  surface  trap  was 
compared  with  samples  collected  simultaneously  using  Niskin  bottles.  The 
modified  Helley-Smith  samples  were  20%  greater  in  grain  size.  This  larger 
difference might be due to the limitation in the sampling volume of the Niskin 
bottles,  where  the  sand  fraction  may  be  poorly  represented.  Moreover,  Niskin 
bottles don’t account for the flow as they sample in a vertical position. Overall, the Sand transport through Chioggia inlet 
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size of the trapped material was both finer and coarser than the control. Thus, we 
have found no systematic evidence of selective sampling by the modified Helley-
Smith samplers. 
 
 
Figure 4.7 (a) Measured and predicted current velocity, where back lines 
indicate the number and time of the profile, and (b) measured concentration 
according the measured tidal elevation for Site C (relative height is the 
normalised height of the trap) 
Measured concentrations at Site C varied according to the flow and were highest 
near the bed (Fig. 4.7). The velocities used to calculate the concentrations were 
measured every 5 minutes with a downwards looking frame-mounted ADCP. There 
is  agreement  with  SHYFEM  predictions  during  the  flood,  although  predictions 
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seem  to  be  higher  than  the  measured  velocities  near  the  end  of  the  ebb  tide, 
immediately before slack water. 
4.4 Discussion  
4.4.1 Thresholds for transport 
The critical traction threshold (θc), as described by Shields (1936) (equation 1.19), 
was obtained for each sample and plotted against the dimensionless grain diameter 
D*. These values were compared to  threshold curves derived experimentally by 
different authors, in order to assess the modes of the observed transport (Figs. 4.8, 
4.9 and 4.10).  All variables have been measured with the exception of sediment 
density (ρs), which was assumed to be 2,650 kg/m
2. The results are plotted together 
with data previously reported by Amos et al. (2010b) for Lido inlet. The base plot 
is  the  Shields  diagram  (Shields,  1936),  which  Van  Rijn  (1984b)  modified  by 
adding the suspension threshold curves of Engelund (1965) and Bagnold (1966), as 
well  as  his  own.  The  upper  solid  line  is  the  proposed  suspension  threshold  of 
Bagnold (1966) wherein θcs = 0.4 (Ws
2 / gd50).  
All of the data are located in the region D* < 40, where the suspension thresholds 
are not constant, and are well above Shield’s traction threshold. Bagnold (1966) 
has  proposed  that  sand  finer  than  125  µm  in  diameter  moves  directly  into 
suspension once the threshold for motion is exceeded. All samples in the range of 
2 > D* > 4 (90 > d50 > 130 µm), including benthic and epi-benthic, lay within the 
suspension region; however data from Lido inlet (Amos et al., 2008; Amos et al., 
2006; Amos et al., 2010b), for similar grain sizes, are within the threshold region 
where the suspension threshold curves meet Shields’ threshold for motion (marked 
with a red square in Fig. 4.8). The mode of transport in this region is unclear. To 
address this, Roe (2007) undertook a laboratory study of natural sands from Venice 
Lagoon (2 < D* < 8) to define more precisely θcs. The results are plotted as red 
dots  and  are  defined  by  the  relationship  θcs  =  0.043D*
1.152,  which  agrees  with 
Bagnold (1966) for 6 < D* < 10, whilst diverging at lower D* values. Lido benthic 
and epi-benthic data fit this threshold curve. Sand transport through Chioggia inlet 
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Figure 4.8 The Shields parameter of suspension of samples from Site A (2006) 
plotted against D* and different suspension and motion thresholds  
 
Figure 4.9 The Shields parameter of suspension of samples from Site B (2007) 
plotted against D* and different suspension and motion thresholds  Sand transport through Chioggia inlet 
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Samples collected in Chioggia at sites B and C have a greater range of grain sizes 
(2 < D* < 10) and seem to fit both Roe (2007) and Bagnold (1966) thresholds (Fig. 
4.9 and 4.10). Benthic values are just below the suspension threshold and the epi-
benthic are in or slightly above this threshold as might be expected in a region of 
intermittent saltation/suspension.  
 
 
Figure 4.10 The Shields parameter of suspension of samples from Site C 
(2008) plotted against D* and different suspension and motion thresholds  
The  inference  from  these  results  is  that  the  sand  trapped  in  the  central  part  of 
Chioggia  Inlet  (Site  A)  was  in  full  suspension,  whereas  a  significant  bedload 
component  was  detected  at  the  inlet  mouths  (Sites  B  and  C).  The  behaviour 
observed at Site A can be explained by a limited supply of coarser sand, which 
agrees with grab sampling of the inlet bed (Fig. 3.24). Sites B and C on the other 
hand  have  a  plentiful  supply  of  coarser  sediment,  contributing  to  a  bedload 
population. If there is enough  supply of coarser sediment to feed the water column 
as flows increase in intensity, then the expected Shields parameter would not be 
constant over the range of D* < 40, but instead should follow Bagnold’s and Roe’s 
threshold curves. Sand transport through Chioggia inlet 
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4.4.1.1 Critical velocity 
It appears that Site A is dominated by suspension, while Sites B and C have a 
significant bedload population. Here the critical velocity at which such transport 
occurs  is  identified.  The  threshold  has  been  derived  by  extrapolating  the  sand 
transport rate (kg/m/s) for epi-benthic samples versus current velocity (U0.2 at z = 
0.2  m) to  zero.  A  threshold of U0.2,crit  =  0.16 m/s (u*crit  =  2.6 x 10
-2 m/s)  was 
derived for Site A, and U0.2,crit = 0.18 m/s (u*crit = 3.6 x 10
-2 m/s) for Site B, and 
U0.2,crit = 0.16 m/s (u*crit = 2.5 x 10
-2 m/s) for Site C. As expected, Site B (with the 
coarsest sediment) has the highest threshold for motion. These thresholds agree 
with  the  U1,crit  value  of  0.2  m/s  reported  by  Gadd  et  al.  (1978)  for  a  wave-
dominated environment. 
4.4.2 Thresholds for suspension 
4.4.2.1 Distribution of sand in suspension 
The distribution of sand in suspension can be estimated through the Rouse profile 
(equation 1.26), where the Rouse parameter (equation 1.28) determines the shape 
of the profile. Although it is an approximation, the Rouse profile provides a useful 
conceptualization of suspended sediment concentrations near the bed. The higher 
the Rouse parameter, the steeper will be the suspended sediment profile (Van Rijn, 
1993).  The  Rouse  profile  can  be  related,  therefore,  to  measured  profiles  of 
concentration. 
Measured concentrations at the three sites were plotted against relative height to 
obtain the profiles of concentration (Fig. 4.11, 4.12 and 4.13). The profile slopes 
and correlation coefficients are shown in Table 4-4 for Site A, in Table 4-5 for Site 
B, and in Table 4-6 for Site C. The regression lines have no statistical significance, 
since they correspond to only 2 to 4 measurements per profile; nevertheless they 
can be related to the Rouse profile of concentration through the Rouse parameter 
for suspension (equation 1.28). 
Amos  et  al.  (2008;  2006;  2010b)  rearranged  the equation  of  the  best fit  of  the 
measurements of sand concentration in the water column at Lido Inlet into eq. 4.1, Sand transport through Chioggia inlet 
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which is similar to the Rouse equation simplified by Van Rijn (1993) (equation 
1.27): 
      






− = m
b
m r z Z C 10 .
1
                            (4.1) 
where 1/m = -R, Zr is the relative height above the bed (z/h-a), and 10
-(b/m) is the 
reference concentration at Zr =1. 
The Rouse exponent derived from the best-fit lines varied according to the tidal 
stage and the study site. It was generally higher for the ebb tide, than for the flood 
tide. The average 1/m for ebb tide was 0.99, 1.4 and 1.02 for Site A, B and C 
respectively. On the other hand, the average 1/m for flood was 0.59 and 1.27 for 
Sites A and B, respectively. These values were obtained by averaging the values of 
1/m for the regression lines with more than two data points, discarding the outliers 
marked  in  Fig.  4.11  and  4.13.  The  higher  Rouse  exponent  during  the  ebb  tide 
suggests that the gradient in sand concentration is better developed during the ebb 
phase, than the flood phase. 
Table 4-4 Slopes (m), number of samples (n), intercept (b), correlation 
coefficient (r
2), inverse slopes (1/m) and tide stage for 2006 (Site A) profiles 
Profile  m  n  b  r
2  1/m = - R  R = Ws / βκu*  tide  
3  -1.39  2  0.08  1.00  -0.72  0.67  ebb 
4  -1.81  3  -1.32  0.99  -0.55  0.60  flood 
5  -1.82  2  -1.16  1.00  -0.55  0.55  flood 
6  -1.81  3  -1.48  0.96  -0.55  0.57  flood 
7  -1.52  3  -1.51  0.99  -0.66  0.83  flood 
8  -0.90  2  -1.28  1.00  -1.11  1.01  ebb 
9  -1.01  3  -1.42  0.99  -0.99  0.67  ebb 
11  -1.14  2  -0.98  1.00  -0.88  0.78  ebb 
12  -0.72  2  -1.39  1.00  -1.38  0.77  ebb 
 
The average values of 1/m for each site, combining results from both ebb and flood 
tides, increased with the average current speed. The average current speeds were 
highest  in  Site  B,  followed  by  Site  C  and  were  least  at  Site  A.  Similarly,  the Sand transport through Chioggia inlet 
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average 1/m decreased from 1.34 at Site B, to 1.1 at Site C, to 0.68 at Site A. The 
differences  show  also  the  sensitivity  of  the  profile  of  concentration  to  local 
conditions such as mean grain size and sediment supply, where the average values 
of 1/m were higher for the sites with available coarser sand, such as Sites B and C. 
Table 4-5 Slopes (m), number of samples (n), intercept (b), correlation 
coefficient (r
2), inverse slopes (1/m) and tide stage for 2007(Site B) profiles 
Profile  m  n  b  r
2  1/m  = - R  R = Ws / βκU*  tide  
1  -0.71  3  0.05  0.92  -1.41  2.68  flood 
2  -0.87  4  -0.14  0.83  -1.15  1.87  flood  
3  -0.74  4  -0.17  0.83  -1.35  2.13  ebb 
4  -0.62  3  -0.03  0.75  -1.61  1.70  ebb 
5  -0.58  3  0.54  0.99  -1.73  1.95  ebb 
6  -0.90  3  1.00  0.97  -1.11  1.82  ebb 
7  -0.29  2  -1.07  1.00  -3.45  4.44  flood 
8  -0.70  4  -0.25  0.83  -1.43  2.13  flood 
9  -1.00  4  0.43  0.85  -1.00  1.99  flood 
10  -0.92  4  0.43  0.94  -1.09  1.75  flood  
11  -0.64  4  0.09  0.92  -1.56  1.92  flood 
 
Table 4-6 Slopes (m), number of samples (n), intercept (b), correlation 
coefficient (r
2), inverse slopes (1/m) and tide stage for 2008 (Site C) profiles 
Profile  m  n  b  r
2  1/m = - R  R = Ws / βκU*   tide 
1  -0.93  3  0.31  0.95  -1.07  2.16  ebb 
2  -1.05  4  0.27  0.90  -0.95  2.12  ebb 
3  -0.55  4  -0.09  0.70  -1.81  2.15  ebb 
4  -1.05  2  0.83  1.00  -0.95  2.98  ebb 
5  -0.78  3  -0.06  0.95  -1.28  3.10  ebb 
6  -1.76  3  1.21  0.62  -0.57  1.71  ebb 
7  -1.02  4  0.95  0.98  -0.98  1.81  ebb 
8  -1.07  4  0.66  0.88  -0.93  2.00  ebb 
9  -1.70  4  0.74  0.76  -0.59  2.47  ebb Sand transport through Chioggia inlet 
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Figure 4.11 Profiles of sand concentration measured at Site A (2006) 
(modified from Amos et al., 2006; Amos et al., 2010b). The red circles identify 
outliers which have been removed from the regression calculations. Best fit 
lines for measurements taken during flood tide are shown in blue, and those 
corresponding to ebb tide are shown in black. Stars indicate best fit lines 
calculated for only two data point 
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Figure 4.12 Profiles of sand concentration measured at Site B (2007). Best fit 
lines for measurements taken during flood tide are shown in blue, and those 
corresponding to ebb tide are shown in black Sand transport through Chioggia inlet 
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Figure 4.13 Profiles of sand concentration measured at Site C (2008). The red 
circles identify outliers which have been removed from the regression 
calculations. All measurements were taken during the ebb tide  
Flow  and  grain  size conditions are considered  by  the analytical solution  of the 
Rouse exponent. The values of R calculated with this method are shown in Tables 
4-4,  4-5  and  4-6,  next  to  the  values  obtained  from  the  slopes  of  the  measured 
profiles  of concentration. Both methods  yield similar  results, as can  be  seen  in 
Table 4-7. 
Table 4-7 Rouse exponent values obtained from measured profiles of 
concentration (1/m) and from the Rouse parameter equation (Ws / βκu*) 
  2006  2007  2008 
  1/m = - R  R = Ws / βκu*  1/m = - R  R = Ws / βκu*  1/m = - R  R = Ws / βκu* 
Flood  -0.59  0.66  -1.27  1.93  -  - 
Ebb  -0.99  0.67  -1.45  1.90  -1.02  2.19 
Average  -0.69  0.67  -1.34  1.99  -1.02  2.19 
 
According to Van Rijn (1993), an R < 1, which typifies all the profiles measured at 
Site A, indicates full suspension, and the material uniformly-distributed throughout 
the boundary layer. Sites B and C on the other hand, yielded values of R between 1 Sand transport through Chioggia inlet 
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and 2. This indicates that suspension occurred throughout the boundary layer, but 
with a less uniform distribution than for Site A. The steepness of the profiles of 
concentration at Sites B and C might be explained by the availability of a wide 
range of grain sizes and the very high current velocities during sampling (up to 1 
m/s). 
4.4.2.2 The Movability Number 
The type  of  transport depends upon  the turbulence within the benthic boundary 
layer, and is determined (amongst other factors) by the ratio of friction velocity 
(u*), to particle settling velocity (Ws) (Van Rijn, 1993). Collins and Rigler (1982) 
improved  the  standard  Shields  diagram  by  using  Ws,  which  accounts  more 
precisely for irregularity in grain shape and different grain sizes. They defined the 
Movability Number as the ratio of the critical velocity, to the settling velocity. The 
movability number can be evaluated from direct measurements of particle settling 
velocity  and  modelled  or  measured  friction  velocity.    The  inverse  Movability 
Number is a parameter appearing in the Rouse exponent (equation 1.28), as well as 
being  key  to  the  computation  of  the  appropriate  Shields  parameter.    Thus,  the 
accuracy  of  the  estimations  of 
* u
Ws   is  crucial  to  understanding  and  predicting 
sand transport. In order to test the robustness of these estimations, the (inverse) 
Movability Number has been obtained through four independent methods (Table 4-
8).  
Method (1) is the ‘control’ because it is obtained from direct measurements of the 
settling  rate  (Ws)  of  sand  trapped  at  a  given  height  and  friction  velocity  (u*).  
Modelled values of u* have been used in the cases of Sites A and C, where the 
ADV was not deployed.  
Method (2) is based on measured profiles of concentration: the Movability Number 
can be obtained from measured profiles of concentration by equating 
m
1   to  
* ku
Ws
β
 
so  that 
m u
Ws βκ
=
*
.  The  values  of  β  and  k  have  been  assumed  as  1  and  0.41, 
respectively.  Sand transport through Chioggia inlet 
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Method  (3)  consists  of  extrapolating  the  ratio 
* u
Ws   obtained  from  direct 
measurements,  to  suspension  threshold  conditions;  this  is  the  u*  at  which  the 
suspended sand concentration is greater than zero (Fig. 4.14).  
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Figure 4.14 Inverse Movability Number at threshold conditions for Sites B 
(2007) and C (2008). The regression lines correspond to the epi-benthic 
samples, in 2007, and to the benthic samples, in 2008  
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The  Movability  Number  averaged  for  each  of  the  trap  heights  at  threshold 
conditions  was  0.83±0.45  and  0.72±0.71,  for  Sites  B  and  C,  whilst  a  value  of 
0.27±0.06 was obtained for Site A. The best-fit was obtained for each height, when 
r
2 was statistically significant (t-test); only the epi-benthic samples in 2007 and the 
benthic samples in 2008 were found to be significant. For the rest, the values of 
* u
Ws  were obtained by averaging the values for each depth. It is apparent from 
Figs. 4.14a and 4.14b that the ratio 
* u
Ws  drops with height above the bed, due to 
coarser grains moving near the bed and finer grains being mixed from there into 
the water column. This might  be the  result of a fundamental assumption made, 
which is that u* is constant throughout the depth of measurements. There has been 
considerable debate about this; however Biron et al. (2004) found that shear stress 
is  not  constant  with  height  above  the  bed  (z).  Stress  appears  to  peak  at  0.1z, 
according  to  the  two  methods  presented  (TKE  and  Reynolds’s  stresses).  The 
implication of this is that the calculated Movability Number should be higher for 
the benthic and epi-benthic samples, since the measured u* (z = 0.34 m) is closer to 
the optimum height.   
Method (4) is based on the relationship between the inverse Movability Number 
and the dimensionless grain diameter (Fig. 4.15).  According to Van Rijn (1993), 
* u
Ws = constant, when D* > 10, and 
χ
*
*
D
u
Ws =  when D* < 10. The value of χ is 
reported by Van Rijn (1993) as 4. All of the sampled sand in Chioggia fall within 
the region D* < 10.  
We  have  observed  that  the  Movability  Number  is  greatest  for  the  largest  grain 
sizes. A strong correlation can be observed for Sites B and C, where the greater 
range in grain sizes is sufficient for a trend to be observed. The trends for Sites B 
and C indicate values of D*/6.5 and D*/5 for the threshold D* < 10. The range of 
grain sizes for Site A is smaller; nevertheless the trend points to a value of D*/10 
as reported previously by Amos et al. (2010b). These slopes are lower than Van 
Rijn’s (1993), shown with the upper dashed line in Figure 4.15. The data herein, 
however are for conditions of active transport, and would therefore not represent Sand transport through Chioggia inlet 
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conditions at suspension threshold. Amos et al. (2010b) propose a value of D*/10 
for laboratory experiments at threshold with fine and very fine sands. The ratio 
* u
Ws  has been solved from the trends in Figure 4.15 for a  D* = 10, sites A, B and 
C yield results of 1, 1.53 and 2, respectively.  
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Figure 4.15 The inverse Movability Number plotted against dimensionless 
grain diameter for Sites A (red), B (blue) and C (black) 
Overall, methods 1 and 2 yield similar results for all three sites, whereas methods 
3 and 4, evaluated at threshold conditions, produce higher values. Results from 
methods 1 and 2, for Site A, yield an average value of 0.27±0.01, similar to the 
value of 0.2 reported by Van Rijn (1993) for fine sand, whilst method 4, evaluated 
at threshold gives a value of 1. A greater variability is observed at Sites B and C, 
where  the  average  values  for  methods  1  and  2  are  0.67±0.12  and  0.65±0.23. 
Methods 3 and 4, at threshold, yield values of 1.26±0.26 and 1.52±0.47, for Sites B 
and C, which lie closer to the models of Van Rijn (1993) and Bagnold (1966). 
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Table 4-8 Comparison of the inverse Movability Number obtained with: 
Method 1 - direct measurements (Ws/u*); Method 2 - from profiles of 
concentration (βκ/m); Method 3 - at threshold conditions (u*crit) (S are surface 
samples, M are mid-water samples, E are epi-benthic samples, and B are 
benthic samples); and Method 4 - at threshold (D* = 10)  
  2006  2007  2008 
Method  1  2  3  4  1  2  3  4  1  2  3  4 
Flood  0.27  0.24  -  -  0.79  0.52  -  -  -  -  -  - 
Ebb  0.28  0.41  -  -  0.78  0.59  -  -  0.89  0.42  -  - 
Average  0.27  0.28 
S - 0.21 
M - 0.32 
E - 0.26 
B - 0.33 
1  0.79  0.55 
S - 0.37 
M - 0.74 
E - 1.16 
B - 1.28 
1.53  0.89  0.42 
S - 0.43 
M - 0.62 
E - 1.16 
B - 1.86 
2 
Only profiles with more than 2 data points were considered to obtain values shown in this table 
4.4.2.3 Validity of Von Kármán’s constant 
We evaluated Von Kármán’s constant κ from the hourly ADV time-series recorded 
at Site B at a height z = 0.34 m, by inversion of the Law of the Wall, such that:   
                  


 


=
o z z
z
u
u
k ln
*                              (4.2)            
where zo was considered to be 0.002 (Sternberg, 1972).  
The κ values obtained for the time and height of each benthic trap were plotted 
against the concentration measured by the trap (Fig. 4.16). 
A  value  of  κ  =  0.42±0.08  was  obtained  by  linear  regression  analysis  of  the 
estimated  values for  Site B, with a 95% confidence interval.  Although the data 
show  considerable  scatter,  the  mean  value  obtained  for  κ  corresponds  with  the 
value  of  0.41,  used  widely  in  the  literature  (Long  et  al.,  1993).    No  trend  is 
apparent, over the range of concentrations up to 2000 mg/L. This agrees with the 
behaviour  reported  in Amos et al. (2008;  2010b) for the  Lido  Inlet  where  they 
obtained a value of 0.37±0.1, for concentrations below 2000 mg/L.  Sand transport through Chioggia inlet 
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Figure 4.16 Von Kármán’s constant evaluated from hourly ADV measurements 
against benthic concentration (z = 0.06 m) for Site B (2007) 
4.4.2.4 Validity of the β parameter 
The  β  parameter  relates  the  eddy  viscosity  for  momentum  (Km)  to  the  eddy 
diffusivity for sediment (Ks=βKm). For a parabolic eddy viscosity, it is assumed 
that the Rouse profile is Km=κu*z(1-z/h), where h is water depth for shallow flows 
or thickness of the bottom boundary layer for deeper flows and (1-z/h) assumes a 
linear  decrease  in  u*  from  the  bed  to  the  top  of  the  boundary  layer.  We  have 
assumed β to be equal to unity. In order to test this, β was evaluated by equating 
the  inverse  slope  of  the  measured  profiles  of  concentration  (1/m)  to  the  Rouse 
parameter (R), so that: 
         
* u
mWs
κ
β =                     (4.3) 
The derived β parameter for Site B shows a dependence on dimensionless grain 
diameter as proposed by Hill et al. (1988), through the relationship β = 0.29D* - 
0.33 (Fig. 4.17b). The β parameter varies also with grain size for Site C, through 
the relationship β = 0.54D* - 0.26 (Fig. 4.17c). However, such a relationship is not 
clear for Site A (Fig. 4.17a).  This is  because the range of  grain sizes collected by  
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Figure 4.17 Evaluation of β dependence on D* for (a) Site A (2006), (b) Site B 
(2007) and (c) Site C (2008) 
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the traps at Site A is not wide enough for a trend in  β to be seen.  All our values 
lie within the range of 0.35 < β < 3.02, as reported by Hill et al. (ibid). The β 
parameter does not seem to vary according to concentration, or friction velocity. 
These findings indicate that using a value of β = 1 is only valid for sites with grain 
sizes of around 100 µm, such as Site A. 
4.4.2.5 Sensitivity to estimates of u* 
The friction velocity for each site was estimated through three different methods: 
from measurements of turbulence from an ADV, using the TKE method, for Site B 
(Thompson et al., 2003); from the Law of the Wall, using measured and predicted 
velocities  within  the  boundary  layer  for  all  three  sites  (Biron  et  al.,  1998; 
Thompson  et  al.,  2003);  and  from  estimates  of  shear  stress  from  the  model 
SHYFEM for Sites A and C (Ferrarin et al., 2008).   
 
Figure 4.18 (a) Comparison of u* values obtained with the model SHYFEM 
and with the Law of the Wall from ADCP velocity measurement (Site A, 2006), 
and (b) comparison of u* values obtained with the TKE and the Law of the 
Wall methods (Site B, 2007) 
Comparisons  of  u*  obtained  with  the  Law  of  the  Wall  (from  SHYFEM  mean 
velocities) and ADV measurements for site B yield a very good fit (Fig. 4.18b). 
Modelled values of u* obtained with the model SHYFEM, on the other hand, tend 
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to over-estimate values obtained using the Law of the Wall (from ADCP velocity 
measurements made in Site A) by 18% (Fig. 4.18a). 
4.4.3 Bedload transport 
Sand transport magnitudes appear to be strongly determined by the seabed grain 
size. Table 4-9 shows a comparison of the median grain size of the bed sediments, 
the median grain size of the sand collected by the traps and the transport rate at 
each site (Qb). The median grain size of the benthic traps matches the available 
seabed material. Similarly there is a strong correlation between the grain size of 
the  bed  sediments  and  the  amount  of  bedload  transport:  the  highest  bedload 
transport rate was found at Site B, which is composed of the coarsest material; the 
lowest transport corresponded to Site A, which has the smallest grain size. The 
observed transport at Site B (2007) was up to three orders of magnitude greater 
than that measured at Site A (2006) and one order of magnitude greater than at Site 
C (2008). It is suggested that the size of the bed sediments is indicative of the 
pathway  for  transport  of  sand  across  the  inlet.  Based  upon  the  bed  grain  size 
distribution presented in Chapter 3 (Fig. 3.24), it is proposed that the majority of 
sand transport in and out of the inlet occurs near the northern jetty in the western 
half of the inlet and near the southern jetty in the eastern half, which agrees with 
the findings of the previous Chapter. 
Table 4-9 Seabed median grain size, average median grain size, transport rate 
and flow speed for benthic traps in each site 
  Site A  Site B  Site C 
Maximum d50 seabed (µm)  178  369  300 
d50 benthic traps (µm)  117  346  290 
Qb (kg/m/s) benthic  0.0003  0.147  0.0123 
Qb (kg/m/s) epi-benthic  9.6 x 10
-5  0.0266  0.0031 
U0.06 (m/s)  0.23  0.39  0.26 
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The profile of concentration in the boundary layer also varied in relation to the 
seabed material. It was steeper at Site B, where 82% more material was caught by 
the benthic than the epi-benthic trap, compared to Sites A and C, where the benthic 
traps  collected  65%  and  75%  more  material  than  the  epi-benthic  traps, 
respectively.   
4.4.4 Comparison between observations and predictions 
Predictions of bedload transport were compared to transport measured in Chioggia 
Inlet, in order: to learn if bedload transport can be predictable for the measured 
flow  conditions,  and  to  evaluate  various  methods  to  predict  bedload  transport. 
Local hydrodynamic conditions at the time of measurement and the morphological 
features such as the new offshore breakwater and seabed sand distribution were 
simulated  within  SHYFEM-SEDTRANS05.  Throughout  this  Section  the  term 
bedload  transport  rate  is  used  as  the  local  mean  transport  rate  obtained  by 
normalising the transport to the horizontal opening of the trap (0.12 m) and the 
duration of sampling (Qb). It should not be confused with bedload discharge, which 
is the total, spatially and temporally integrated cross-sectional mean value used in 
the  following  Section  (QT)  (Gomez,  1991).  The  predicted  transport  rate  was 
obtained for the exact position and height of each trap, normalised to the same 
horizontal length of 0.12 m. Five different sand transport equations were applied to 
produce estimated transport rates: Einstein-Brown (1950), Yalin (1963) and Van 
Rijn (1993) for bedload transport, and Engelund and Hansen (1967) and Bagnold 
(1963) for total load (bedload and suspension).  Results for the five methods are 
presented in Fig. 4.19.  
The  methods  of  Van  Rijn  and  Engelund-Hansen  show  the  best  relationship 
between observations and predictions and show that Sites B and C (inlet mouths)  
are  in  continuity  with  the  sand  transport  rates  from  Lido  (Amos  et  al.,  2008), 
whilst Site A (central inlet) is not. Furthermore, it appears that transport at Sites B 
and  C  is  in  an  equilibrium  state  with  the  flow  condition  over  a  range  of  flow 
magnitudes, whereas Site A appears to be ‘sand-starved’.  It appears also that the 
method  of  Einstein-Brown  underpredicts  sand transport  at high  transport  rates,  Sand transport through Chioggia inlet 
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(A) Engelund-Hansen
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Figure 4.19 Comparison between observed and predicted transport for three 
surveyed sites in the Chioggia Inlet and for the Lido Inlet. Results of 5 
bedload formulae are presented: (A) Engelund-Hansen, (B) Einstein-Brown, 
and (C) Bagnold, (C) Yalin and (E) Van Rijn 
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especially  for  Site  B  (east  inlet),  where  sampling  was  carried  out  during  a 
particularly strong spring tide.  The method of Bagnold appears to overpredict sand 
transport under  most  conditions of flow,  but  particularly  at low transport rates. 
Finally, Yalin’s expression seems to present the highest scatter. 
On average, maximum predicted bedload rates for Sites B and C (inlet mouths) are 
an order of magnitude higher than for Site A (central inlet). This is largely due to 
the difference in current speed. However, the model does not consider the limited 
supply conditions observed in the central part of the inlet. Nevertheless, the model 
seems to reproduce well the observed transport rates at Sites B and C. 
4.4.5 Bed-load predictions under different wind scenarios 
On the basis that there is a dominant bedload component in two out of three sites 
surveyed (sites B and C), the coupled model SHYFEM-SEDTRANS05 has been 
used to produce predictions of bedload transport across a central cross-section of 
the inlet for 3 scenarios: 1) Sirocco (S-SE wind) + tidal forcing; 2) Bora (N-NE 
wind) + tidal forcing; and 3) tidal forcing only. Each scenario has been evaluated 
using idealised tide levels for a 10-day interval (Fig. 4.20). The velocities used to 
predict the transport rates were computed for the bottom layer of the model (≈0.3 
m above the bed, Fig. 4.21), which is also the layer from which transport rates 
were predicted using the Van Rijn (1993) bedload equation. The simulations gave 
hourly bedload transport rates (Qb, kg/m/h) across the width of the modelled cross-
section.  The  location  of  the  studied  cross-section  is  at  the  future  site  of  the 
submerged MOSE barrier, which also corresponds to the location of study Site A 
(see Fig. 4.21).  
Historical  wind  data  from  Venice  Lagoon  was  used  to  evaluate  the  annual 
percentage of occurrence of each type of wind condition. Wind data were collected 
by  the  CNR  meteorological  tower  (Cavaleri,  2005),  in  the  north  Adriatic, 
corresponding  to  the period  2000  to  2008.  It  was  calculated that  a  N-NE  wind 
direction (Bora) dominates over 21% of the time, mostly during winter; S-SE wind 
(Sirocco) dominates approximately 12% of the time, taking place mostly during 
summer; whilst other wind directions occur 67% of the time. The 10-day bedload Sand transport through Chioggia inlet
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transport rate predictions for each scenario were summed
stages of the tide, multiplied by the width of the 
annual percentages of each type of wind
discharge (QT, m
3/a). 
 
Figure 4.20 Time-series of bedload transport rates simulated for an idealized 
tide under Bora winds, Sirocco winds and tidal forcing only
Figure 4.21 shows that there is ebb dominance in Chio
of  wind  except  for  the  Sirocco;  this  is  reflected  in
predictions obtained, where more transport is exported than imported across the 
inlet for  Bora  and tidal forcing  only  scenarios. Overall,  a  bedload discharge  of 
approximately 22,138 m
3/a has been esti
have been estimated for the flood tide; yielding a
7,215 m
3. This amounts to approximately 15
Chioggia ebb tidal delta of 50,000 m
the  remaining  85%  presumably  being  provided 
which is the accumulation of sand next to the Sottomarina and 
(CORILA,  2007).  According  to  Tambroni  and  Seminara 
accounts for only 10% of the total transport across the inlets. If we assume that the 
bedload discharge calculated herein accounts for 10% of the total load, we obtain a 
yearly export of 72,150 m
3 of sediment through
reasonable when considering the commonly accepted export of 1,000,000 m
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for each scenario were summed for the ebb and flood 
the width of the cross-section and extrapolated to 
percentages of each type of wind, in order to obtain the annual bedload 
 
series of bedload transport rates simulated for an idealized 
tide under Bora winds, Sirocco winds and tidal forcing only 
shows that there is ebb dominance in Chioggia Inlet for all conditions 
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sediment  from  the  lagoon,  from  which  Lido  exports  the  majority,  followed  by 
Malamocco,  and  lastly  Chioggia.  Furthermore,  assuming  that  export  of  sand 
through Malamocco is negligible, we find that the ratio of export of sand from 
Lido to the export from Chioggia is 12:1. Recent ADCP surveys carried out by 
Defendi et al.  (2010) suggest that Chioggia is  responsible for  25%  of  the total 
exports from the lagoon, with Lido contributing 65% of the total budget (381,381 
m
3/a), and Malamocco only 10%. Their results indicate a ratio of 3:1 between Lido 
and Chioggia. Table 4-10 shows a comparison of transport rates obtained through 
different  methods,  such  as  volumetric  analysis  (Chapter  3  and  Sarretta  et  al., 
2010), modelling (this section), and ADCP measurements (Defendi et al., 2010).  
It  is  proposed  that  this  sand  is  transported  across  the  inlet  through  a  specific 
pathway which we have related to the presence of coarser seabed material. The 
predictions of velocity shown in Figure 4.21 agree with this proposed transport 
pathway.  The  area  of  Site  A  stands  out  particularly  because  the  velocity 
predictions  for  all  scenarios  show  a  shadow  region  where  velocities  are 
considerably  lower,  agreeing  with  the  lower  observed  transport  at  this  site. 
Therefore, predicted transport rates are likely to be higher if other cross-sections 
are investigated. This shadow region is caused by the structure built adjacent to the 
southern breakwater, which will house the operation of the MOSE barrier. This 
narrowing  of  the  cross-section  causes  slower  velocities  before  and  after  the 
structure, and higher velocities in the cross-section in front of it. 
Table 4-10 Net annual total transport rate exported through Chioggia Inlet 
according to different authors 
Chapter 3  Sarreta et al., 2010  Chapter 4  Defendi et al., 2010 
127,600 m
3  133,000 m
3  72,150 m
3  93,000 m
3 
 
Similar  studies  at  Malamocco  Inlet  are  recommended,  in  order  to  relate  the 
findings  presented  in  this  Chapter  with  all  three  inlets  and  improve  the 
understanding of the exchange of sand between Venice Lagoon and the Adriatic 
Sea. Sand transport through Chioggia inlet 
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Figure 4.21 Predicted velocities at 0.3 m above the bed for: (A) Bora winds 
(NE), flood tide;  (B) Bora winds (NE), ebb tide; (C) Sirocco winds (SE), flood  
tide; (D) Sirocco winds (SE), ebb tide; (E) Flood  tide, no wind; and (F) Ebb 
tide, no wind Sand transport through Chioggia Inlet 
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4.5 Conclusions 
This Chapter reports on measurements of sand transport undertaken in 2006, 2007, 
and 2008, at three sites in the Chioggia Inlet. The major points of conclusion of 
this study are summarised below. 
•  The deployment of sediment traps has shown that there is active transport 
of sand in the range of very fine to fine sand in the Chioggia Inlet.  
•  Considerable horizontal and longitudinal variability in transport behaviour 
was  observed,  with  transport  at  some  sites  being  3  orders  of  magnitude 
higher than at others. 
•  The proposed pathway for sand transport is bed grain size dependant, ebb 
dominant and mostly within the bottom 1 m of the water column. 
•  Estimates of the Shield’s parameter show much of the sand was transported 
as  bedload,  whilst  the  central  part  was  dominated  by  suspension.  The 
Shields’  parameter  defines  successfully  the  suspension  and  traction 
thresholds for the inlet, through the Roe (2007) suspension threshold. 
•  The suspension threshold for Chioggia derived from the inverse Movability 
Number fell between the limits proposed by Van Rijn (1993) and by Amos 
et  al.  (2010b)  for  the  Venetian  inlets.    Evaluation  of  the  (inverse) 
Movability  Number,  with  four  different  methods,  yields  fairly  similar 
results. A value of 0.27±0.01 was obtained for the central inlet (Site A), 
whilst  the  values  for  Sites  B  and  C  were  0.67±0.12  and  0.65±0.23, 
respectively.  Evaluation  at  threshold  yields  values  of  1,  1.26±0.26  and 
1.52±0.47 for sites A, B and C. 
•  The Rouse parameter reproduced well the shape of the measured profiles of 
concentration.  The  obtained  values  of  R  indicate  transport  takes  place 
throughout the boundary layer. Values for Site A were all less than unity, 
indicative  of  full  suspension,  with  the  material  uniformly  distributed 
throughout  the  boundary  layer.  Sites  B  and  C  presented  values  of  R  of 
between 1 and 2, which indicate that suspension occurred throughout the 
boundary layer, but sand moved closer to the bed than for Site A. Sand transport through Chioggia Inlet 
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•  The model SHYFEM+SEDTRANS05 simulated well the measured bedload 
transport in the Chioggia Inlet extremes, best expressed by the equation of 
Van  Rijn  (1993);  however,  it  failed  to  account  for  the  limited  supply 
conditions in the central part, consequently over-estimating transport rates. 
The  model  is  thought  to  reproduce  well  transport  along  the  proposed 
pathway,  but  to  over-estimate  outside  this  area  of  active  transport.  Sand 
transport measurements fell within the range of those reported previously 
for the Lido Inlet. 
•  Estimates of bedload discharge across a cross-section of the inlet, obtained 
with the model SHYFEM-SEDTRANS05, yield an export of 7,215 m
3/a. 
•  Even though the modified Helley-Smith samplers have an efficiency of only 
4% under the sampled conditions, the magnitude of the measured transport 
corresponds well to modeled values, as well as to annual estimations of the 
sand export (Carbognin and Cecconi, 1997; Defendi et al., 2010; Sarretta et 
al.,  2010;  Tambroni  and  Seminara,  2006).  Further  calibration  of  the 
modified Helley-Smith samplers is recommended, to account for efficiency 
changes with depth.  
 
 
 
 
  
 
5 Results: Longshore sand transport  
 
 
 
 
5.1 Introduction 
Longshore sediment transport is often the dominant factor in the sediment budget 
of tidal inlets (Liu, 2001). The importance of such transport on the Adriatic shores 
of Venice Lagoon is evident from the presence of depositional features such as 
accreting  beaches,  sand  bars,  and  ebb-tidal  deltas  (Guerzoni  and  Tagliapietra, 
2006; Villatoro, 2007). However, the role of littoral drift in the overall budget of 
the inlets of the lagoon has not been quantified. Few estimates of littoral drift have 
been published and these are often limited to areas undergoing severe erosion such 
as  the  Pellestrina  frontage  (Lamberti  et  al.,  2005).  This  undoubtedly  limits  the 
capacity  of  local  authorities,  engineers  and  scientists  to  analyse  coastal  change 
trends and understand the interaction between the barrier, the inlet, and the back 
barrier basin, thus affecting their ability to manage the system sustainably (Kevin 
et al., 2004).  
Three  methods  to  evaluate  longshore  transport  are  presented  in  this  chapter:  a 
wave energy flux-based transport equation; a shear stress-based 3-D model; and a 
volumetric  analysis  (for  calibration  purposes).  The  transport  rates  obtained  are 
discussed in the context of temporal variability, source dependence, and impact on 
inlet morphology. The following questions are discussed: 
•  What is the magnitude and predominant direction of sand transport along 
Sottomarina and Ca’Roman? Longshore sand transport 
5.1 Introduction                                                160 
•  What  is  the  littoral  transport  pattern  for  the  two  predominant  wind 
directions? Are reversals in transport a result of wind direction? 
•  How  does  the  temporal  and  spatial  variability  of  littoral  transport  affect 
yearly  rate  estimates  using  the  different  methods?  How  do  the  methods 
compare? And, 
•  what is the contribution of littoral drift to the inlet sand budget? 
5.1.1 Littoral drift in the North-Adriatic shores 
The  Venetian  shores  are  composed  of  a  series  of  distinct  coastal  cells,  each 
delimited  by  an  inlet  or  river:  Cavallino,  Lido,  Pellestrina,  Chioggia  and  Isola 
Verde, from north to south (Fig. 5.1). Longshore transport is an important source 
of material for each littoral cell. Estimates of annual yearly littoral drift for the 
Venetian littoral range between 130,000 m
3 and 400,000 m
3 (Cecconi and Maretto, 
1996; Fontolan et al., 2007; and Lamberti et al., 2005). A percentage of this is 
thought to enter the lagoon through the inlets (Consorzio Venezia Nuova, 1989 in 
Fontolan et al., 2007), whilst the remaining amount is deposited on the accreting 
beaches or tidal deltas (Fontolan et al., 2007; Helsby, 2008). Chioggia Inlet ebb-
tidal delta, for instance, has accreted at a rate of 50,000 m
3/a since the construction 
of the inlet jetties (Amos et al., 2006; Villatoro, 2007). This Chapter attempts to 
establish the contribution of littoral drift to the ebb-tidal delta growth, and to the 
overall budget of Chioggia Inlet. 
Two pathways of sand transport, with distinctive sources, were identified along the 
southern Venetian littoral in Chapter 3: a southerly transport along Pellestrina and 
Ca’Roman,  and  a  northerly  drift  along  Sottomarina.  Sand  in  Ca’Roman  is 
composed  mostly  of  renourishment  material  that  was  dumped  in  Pellestrina 
between 1995 and 1999 (4.6 million m
3) and carried south into Ca’Roman by the 
littoral current (M.A.V., 2008). This sand was dredged originally from a palaeo 
beach located off the northern Venetian littoral, which is supplied with sediment 
from the Dolomites by the Piave and Sile Rivers (Fig. 2.8). The sand found in 
Sottomarina on the other hand, is supplied by the Brenta and Adige Rivers, which Longshore sand transport 
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originate  in  the  Alps  and  discharge  into  the  Adriatic  5  and  10  km  south  of 
Chioggia Inlet respectively (see Fig. 5.1).  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1 Littoral cells of the Venetian littoral (stars mark the outflow of the 
Piave, Sile, Brenta and Adige rivers, from north to south) 
Sand transport pathways in the study region are complex. This is caused partly by 
the West Adriatic Coastal Current (WACC), for which winds are a major driving 
factor (Wang and Pinardi, 2002; Wang et al., 2007). The predominant circulation 
on the western coast of the north Adriatic is southerly; which is strengthened by 
Bora winds and can be directed northwards during Sirocco events along certain 
stretches  of  the  coast  (Bellafiore  and  Umgiesser,  2010;  Gačić  et  al.,  2009; 
Kovačević  et  al.,  2004).  According  to  Bellafiore  and  Umgiesser  (2010)  these 
current reversals, such as that driving sediment north along the Sottomarina coast 
is caused by 5 km wide vortices created by the interaction of the WACC with the 
inlet ebb-jet. Similar eddies were observed at the other inlets. 
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The  presence  of  the  circulation  vortex  in  front  of  Chioggia  Inlet  causes  the 
direction  of  transport  to  converge  at  the  inlet  location  most  of  the  time,  as 
determined from grain size trend analyses presented in Chapter 3 (Brambati et al., 
1978; Gatto, 1984). This has resulted in the entrapment of sand by the inlet jetties 
due to a ‘terminal groyne effect’ (Kamphuis, 2000). A progradation of up to 5 m 
and  6  m  has  been  calculated  from  historical  charts  (Balleti,  2006)  and  aerial 
photographs  (CORILA,  2007)  in  Sottomarina  and  Ca’Roman  respectively  (Fig. 
5.1),  reflecting  the  magnitude  of  littoral  drift  in  the  region.  However,  the 
magnitude of the transport rates is still uncertain. 
 
 
Figure 5.2 Accretion of Sottomarina beach, digitised from historical maps 
5.1.1.1 Local wind conditions 
Local wind conditions play a vital role on littoral drift in the study region. Here we 
explain the characteristics of the two major wind directions, Bora and Sirocco. The 
Bora  is  a  gusty  and  cold  north-easterly  wind  affecting  the  Venice  Gulf.  It  is 
generally associated with a high-pressure system over central Europe, although it 
can also result from a low pressure centre over southern Italy (Hurdle et al., 1995). 
These conditions cause a strong cold jet of dry air which blows over a short fetch 
(effective  fetch  70  km),  generating  wind  waves  with  a  very  narrow  directional 
sector (Table 6.1) (Jeromel et al., 2009; Zanuttigh et al., 2005). The Sirocco, on 
Sottomarina 
Shoreline - 2000 
Chioggia inlet 
N Longshore sand transport 
5.1 Introduction                                                163 
the other hand is a southerly warm wind affecting the whole Adriatic Sea. The 
elongated shape of the Adriatic creates a channelling effect between the Apennines 
and the Dinaric Alps. The wind waves generate along the main axis of the basin, 
with an effective fetch of about 300 km. The effective fetch is limited both by the 
width  of  the  Adriatic  and  the  duration  for  which  the  Sirocco  winds  are  active 
(Jeromel  et  al.,  2009).  In  addition  to  Bora  and  Sirocco  winds,  there  is  a  less 
frequent easterly (true east) wind known as the Levante (Jeromel et al., 2009).  
The dramatic relief of the Adriatic coast causes wind patterns to be different along 
distinctive sectors of the Adriatic littoral (Pasaric et al., 2009). For example, the 
Po Valley partially blocks the Venice Gulf from the southerly winds, so when there 
is cold humid air in the Po valley the warm Sirocco passes above it and only swell 
waves  reach  the  Venice  shore;  alternatively,  if  the  Sirocco  reaches  the  Venice 
Gulf, the blocking effect of the Alps forces it towards the west causing cross-sea 
conditions, with swell waves travelling at 30°-50° with respect to the local wind.  
This is illustrated in Table 5-1, where predominant wind conditions reported for 
the Gulf of Venice (CNR Platform) and the Gulf of Trieste (Coastal Oceanographic 
Station Piran and Paloma) are summarised. 
Just as the wind direction can be affected by the coastal relief, the predominant 
wave climate, specifically wave heights and periods, also change along the coast 
due to the relative length of the fetch, as well as refraction and diffraction. Wave 
direction  is  reported  to  have  a  greater  influence  on  drift  than  wave  energy 
(Brampton  and  Motyka,  1987;  Brampton,  1993;  Halcrow-Group,  2004).  The 
numerical  calculation  of  littoral  drift  is  highly  sensitive  to  the  input  wave 
parameters, and thus, it is important to use local wind or wave measurements.  
Table 5-1 Wind distribution along North-Adriatic Coast 
  Costal Oceanographic 
Station Piran 
Paloma Trieste  CNR Platform Venice 
  Direction 
(°N) 
Frequency 
(%) 
Direction 
(°N) 
Frequency 
(%) 
Direction 
(°N) 
Frequency 
(%) 
Bora  45 - 78.8  26  67.5 - 90  22  45 - 67.5  21 
Sirocco  135 - 180  18  135 - 180  5  135 - 180  12 
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5.1.2 Methods for littoral drift estimation 
A variety of methods to estimate and measure littoral drift are described in Chapter 
1. The focus herein is on the main assumptions and the resultant uncertainties of 
the three methods used: an energy flux-based transport equation, a fully coupled 
wave-current-sediment transport 3-D model, and volumetric estimation from beach 
profiles. 
The wave energy flux  
The  simplest  numerical  models  use  ‘bulk  expressions’  to  estimate  littoral  drift 
from wave data and beach parameters. These types of models are thus composed of 
two parts, a wave model and the theoretical formulation to convert the wave data 
into longshore transport rates.   
In general, wave models can be divided into two categories: phase resolving and 
phase  averaging  models,  respectively,  based  upon  the  conservation  of  wave 
momentum  and  wave  energy  (Rusu  and  Soares,  2010).  Phase  averaging  wave 
models, such as the one used in method 1 of this chapter, are more suitable for 
local cases where higher resolutions are needed, since they account for processes 
such  as  wave  reflection,  diffraction, phase-dependent  non-linearities, as  well  as 
refraction,  shoaling  and  breaking  (ibid).  Some  examples  are  the  mild-slope 
equation-based model CGWAVE (Demirbilek and Panchang, 1998), the parabolic 
refraction-diffraction  model  REF/DIF  (Kirby  and  Dalrymple,  1994),  or  the 
Boussinesq  equation-based  model  BOUSS-2D  (Nwogu  and  Demirbilek,  2001). 
Phase-averaging models, on the other hand, are based on the wave spectral action 
balance  equation  (Rusu  and  Soares,  2010);  the  most  widely  used  of  which  is 
SWAN (Booij et al., 1999). 
Bulk expressions, described in more detail in Chapter 1, calculate the total volume 
of sand passing at one point of the beach per unit of time. These equations are very 
effective, but their  results  must be  interpreted carefully  due  to the  assumptions 
they involve: all contours must have similar shapes, and either the incident wave 
angles with respect to the shoreline or the variations in beach orientation must be 
small (CERC, 2000; Kamphuis, 2000).  Longshore sand transport 
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The wave parameters used as input for the theoretical formulae for the estimation 
of longshore transport are of extreme importance, since these expressions make the 
assumption that longshore currents are generated by the energy dissipated in the 
surf zone by wave breaking. Various wave-based littoral drift prediction models 
are  extremely  sensitive  to  the  direction  of  approach  of  the  wave  conditions 
(Brampton and Motyka, 1987; Brampton, 1993; Halcrow-Group, 2004). Halcrow 
Group Ltd. (2004) calculated the longshore transport rate at Poole Bay, based on 
computed wave data. It was found that a 1° change in wave direction results in a 
difference of 30,000 m
3/a in the net longshore transport rate. 
Bulk  expressions  calculate  potential  sediment  transport  rates,  as  opposed  to  an 
actual transport rate. In most occasions, the variability due to storm conditions or 
availability  of  sand  is  not  taken  into  account,  which  often  results  in  over-
estimation  of  volumes  (Kamphuis,  2000).  The  reason  why  methods  with  such 
limitations  are  so  widely  used  is  because  modelling  the  potential  for  sediment 
transport provides a maximum movement and allows the comparison of different 
driving  forces,  which  is  very  useful  information  for  coastal  protection  design 
(ibid).  
3-D model 
Transport  in  the  littoral  zone  is  driven  by  wave-induced  currents;  therefore 
evaluation  of  longshore  transport  with  3-D  models  can  only  be  done  by  fully-
coupled current, wave and sediment transport models. Simulations by these models 
are carried out on the basis of the hydrodynamic conditions that correspond to a 
given bathymetry, and they sometimes include feedback on the rates of bed level 
change to bathymetry, in order to model the morphological evolution. Examples of 
such models are DELFT3D-FLOW-WAVE (Lesser et al., 2004), MIKE3-FM-STM 
(DHI, 2007), and the coupled model SHYFEM-WWM2-SEDTRANS05 (Ferrarin 
et al., 2008). These models can be used on a wide range of spatial scales (tenths of 
kilometres to resolutions of tenths of metres); however, they are still limited to 
large  temporal  scales  due  to  computing  power  limitations.    The  number  of 
assumptions  this  type  of  model  makes  is  great,  these  range  from  a  series  of 
hydrodynamic coefficients, to the shape of the concentration profile at particularly Longshore sand transport 
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complex  locations  (Lesser  et  al.,  2004).  Thus,  calibration  is  very  important. 
DELFT3D-FLOW-WAVE and MIKE3-FM-STM are used widely around Europe; 
however,  SHYFEM-WWM2-SEDTRANS05  is  a  freely  available  finite  element 
hydrodynamic model (Umgiesser and Bergamasco, 1993; Umgiesser et al., 2004a) 
which was developed and calibrated purposely for the Venice Lagoon, and fully 
coupled  to  the  wave  model  WWM2  (Roland  et  al.,  2009),  and  the  sediment 
transport model SEDTRANS05 (Neumeier et al., 2008).  The sediment transport 
module of the coupled model has been calibrated with the measured thresholds for 
motion and profiles of concentration reported in Chapter 4, in order to reproduce 
transport of sand in and around Chioggia  Inlet more accurately  (Ferrarin et al., 
2010; Villatoro et al., 2010). 
Direct measurements - Volumetric analysis 
Analysis of beach volume changes are regarded as an accurate way to evaluate 
littoral drift because they account for the majority of sand depositing or eroding 
from a particular stretch of coast (Aagaard et al., 2004). They can therefore be 
used as a  reference,  to  compare  with  results from  other methods.  Nevertheless, 
uncertainty  in  the  results  from  bathymetrically-topographically  based  volume 
analysis can arise from the lack of precision of beach surveys or when the survey 
frequency is not  enough to account for seasonal changes and variability due to 
storm  effects  (Kamphuis,  2000).  Uncertainty,  though  less  than  for  numerical 
calculations, can be up to 40% (Kamphuis, 1999).  
5.2 Methodology and data analysis 
Three methods for littoral drift estimation are explored in this chapter. In order to 
compare  them,  the  transport  rates  will  be  obtained  at  the  same  points  along 
Ca’Roman and Sottomarina for each of the three methods (Fig. 5.3). 
5.2.1 Wave energy flux approach 
In order to produce a suitable input for the littoral drift calculations, offshore data 
had to be translated to the nearshore, using a shoaling-refraction-diffraction model Longshore sand transport 
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(Brampton, 1993; Kirby and Dalrymple, 1994). The wave model used computes 
one specific wave condition (H, T, α) at a time; therefore only 18 wave climate 
scenarios were modelled. These wave scenarios, which were identified through a 
series of statistical analyses performed to the offshore wave data, were translated 
into  nearshore  values  and  their  correspondent  breaking  parameters.  Breaking 
conditions were used then in the littoral drift code, to obtain yearly transport rates. 
A summary of the wave data processing and modelling stages is presented in Fig. 
5.4, whilst the individual codes are described in detail below.  
 
 
Figure 5.3 Sections evaluated for longshore transport rates with a wave 
energy flux method, a shear stress-based 3D model, and through volumetric 
analysis 
5.2.1.1 Wave data source 
Wave data were provided by CNR-ISMAR Venice and came from a CNR-operated 
Waverider  buoy  located  8  nautical  miles  off  Venice  in  the  north  Adriatic 
(4.5.317214° N, 12.536491° E), at a depth of 16 m (Fig. 5.5). The almost normal 
orientation of the barrier beaches around Chioggia Inlet (roughly N-S) with respect 
to  the  two  main  wave  approach  directions  (NE  and  SE)  is  well  suited  for  the 
selected littoral drift calculation  method,  where  oblique  angles  of  approach  can 
produce  errors  in  longshore  transport  estimates  (Kamphuis,  1991).  The  buoy 
measures  wave  height  (H),  wave  period  (T  ),  and  wave  direction  (α)  every  15 
minutes. The period analysed in this study is 1
st January 2006 to 31
st December 
2006. 
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Figure 5.4 Wave transformation and littoral drift estimation with the wave 
energy flux method 
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Figure 5.5 Location of the CNR waverider buoy 
5.2.1.2 Wave data processing and modelling 
Statistical Analysis 
The  wave  data  were  analysed  to  identify  the  predominant  wave  climate  and  to 
identify  the  wave  conditions  that  potentially  induce  longshore  transport.  To 
achieve  this,  a  series  of  statistical  analyses  were  performed  using  purposely-
written codes in Matlab
®. 
a) A histogram was obtained for each of the wave parameters H, T and α. The 
histograms  were  used  to  identify  the  nature  of  the  majority  of  the  wave  data, 
especially the waves that are expected to have the greatest impact on littoral drift. 
b) Bivariate histograms were created for H-α, for T-α and for H-T. This was used 
to evaluate the nature and origin of waves (where the largest and most of the waves 
originate). It was decided to use 5°, 0.2 m and 1 s bins, in order to detect the effect 
of small changes in the values of these variables. 
Wave transformation 
The  model  REF/DIF  1  was  used  to  transform  the  offshore  wave  scenarios  to 
nearshore  conditions.  REF/DIF  1  is  a  non-linear  monochromatic  parabolic 
refraction-diffraction  model  for  ocean  surface  wave  propagation  (Kirby  and 
Dalrymple, 1994). The model transforms a specific wave condition (A, T, α) as it 
propagates along a given bathymetry. A mesh containing 750 x 430 cells (each cell Longshore sand transport 
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measuring 10 m x 10 m) was built for the bathymetry collected in 2005-2006, in 
front of Chioggia Inlet (Fig. 5.6). Due to the orientation of the mesh, all the input 
conditions  were  fed  through  the  eastern  boundary.  The  wave  parameters  were 
calculated then for each cell of the mesh and a series of  wave conditions were 
extracted  for  the  cells  corresponding  to  the  2  m  contour,  for  each  scenario 
(nearshore data). 
 
Figure 5.6 Bathymetry mesh used for REF/DIF1 simulations 
The nearshore data were transformed to obtain the breaking wave conditions using 
the    nearshore  wave  transformation  code,  which  calculates  the  refraction  and 
shoaling between the nearshore point (2 m deep) and the breaker line (unknown 
depth). The code calculations are based upon linear wave theory, which ignores 
wind  and  frictional  effects  and  assumes  that  the  seabed  is  reasonably  smooth 
(Kamphuis, 2000). Under such circumstances only wave refraction and shoaling 
have to be modelled. According to Brampton (1993) the use of linear wave theory 
for the computational modelling of wave propagation in shallow water can produce 
accurate results. 
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The  nearshore  wave  transformation  code  is  composed  of  two  sections  which 
calculate  refraction  and  celerity  separately.  The  celerity  section  calculates  the 
shoaling coefficient and wave celerity at any given point for each wave condition 
(shoaling); it uses then an iterative process to find the breaking wave conditions 
for that same input wave condition. The refraction section uses the group celerity 
values  calculated  at  each  iteration,  to  find  the  wave  angle,  wave  height  and 
refraction coefficient. Since the nearshore point is relatively close to the beach, the 
waves  are  not  expected  to  refract  much  further.  Therefore,  wave  direction  of 
propagation is computed using Snell’s Law, which assumes that the shoreline and 
the depth contours are relatively straight and more-or-less parallel (CERC, 2000). 
The celerity section assumes that the ratio between the wave height and the water 
depth  at  breaking  (breaker  index)  is  0.78,  which  is  the  value  reported  for 
monochromatic  waves,  such  as  those  modelled  in  this  study  (McCowan,  1984; 
Munk, 1949). Monochromatic or regular waves have the same height and period as 
in  small  amplitude  wave  theory  and  in  some  hydraulic  model  tests  (Kamphuis, 
2000). For random waves, it is assumed that wave heights are ‘significant’ wave 
heights, which is the average height of the upper 33% of a data set and, therefore, a 
breaker  index  of  0.55  is  used  (Kamphuis, 1991b).  The  output of  the  nearshore 
transformation code is a series of breaking conditions (Hb, T and αb) obtained for 
each scenario, at a series of points along the beach. 
5.2.1.3 Estimation of transport rates 
A  simple  numerical  model  was  created  using  Matlab
®  in  order  to  predict  the 
littoral transport rate, in response to wave action, at Sottomarina and Ca’Roman 
beaches.  The  model  requires  the  wave  conditions  at  breaking  as  input  for  the 
energy-flux equation (Kamphuis, 1991); it produces the annual and hourly rates of 
littoral drift (m
3) at that point. Transport rates were estimated at three points in 
Sottomarina and one point in Ca’Roman (Fig. 5.3), for each scenario. To do this, 
the breaking wave condition corresponding to each point was extracted from the 
nearshore transformation code output file.  
It is assumed that the effect of tides has little variation compared to the effects of 
waves; therefore, the model evaluates the influence of waves only on longshore Longshore sand transport 
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transport,  which  carries  inherent  limitations  that  ought  to  be  considered  in  the 
interpretation of the results. The calculation of the combined action of waves and 
tidal effects on the other hand, is attempted in the 3-D model, which is presented 
later in this Chapter.  
Littoral drift calculations 
To evaluate the drift rate, the littoral drift code incorporates some of the variables 
obtained with the wave transformation code into Kamphuis’ (1991) equations (eq. 
1.33a and 1.33b in Chapter 1): 
                  Q = 7.3 Hsb
2 Tp
1.5 mb
0.75 d50
-0.25sin2αb
0.6             (m
3/hr)                          
                              Q = 6.4*10
4 Hsb
2 Tp
1.5 mb
0.75 d50
-0.25sin2αb
0.6          (m
3/a)                        
In the original equations the subscript ‘s’ in Hsb denotes the use of significant wave 
height at breaking (random waves), and the subscript ‘p’ in Tp refers to the use of 
peak period. In the present Section, however, the wave height at breaking (Hb) and 
the period (T) will be used instead, because the input data are monochromatic or 
regular waves.  
The littoral drift equation requires also the slope of the beach at breaking (mb), 
which was calculated through the Kamphuis et al. (1986) formula: 
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Equation 5.1 is based on the assumption that beach slopes through the breaker zone 
are a function of the ratio (Hb/d50) which represents the ratio of disturbing wave 
forces to restoring particle forces. 
The slope was calculated separately for each point (Sotto1, Sotto2, Sotto3, and Ca, 
Fig. 5.3), based upon measured sediment sizes (Fig. 3.25, in Chapter 3). Similarly, 
a different Q was obtained for each point using the appropriate mb and d50. Then, 
depending on the angle of approach associated with each condition, a negative or 
positive sign is assigned to Q. Waves approaching from an angle smaller than 90° 
with respect to the shoreline will induce transport to the north, while waves with 
angles greater than 90° will provoke transport to the south. Looking seaward, if Longshore sand transport 
5.2 Methodology and data analysis                                                173 
transport is to the north, it is denoted QN and if it is to the south, it is called QS, 
and assigned a positive and negative value respectively.  The (4) resultant Q’s for 
each scenario were obtained through: 
               QN + QS = Qscenario                   (5.2) 
which were multiplied then by the annual percentage of occurrence of the scenario 
(calculated from the wave analysis). The resultant weighted transport rates for each 
scenario  are  then  summed  to  obtain  an  approximate  estimate  of  the  net  yearly 
transport rate along that point (see Fig. 5.4). 
           Σ (Qscenario * yearly occurrence) = Q (m
3/a)              (5.3) 
5.2.2 3D model (shear stress approach) 
5.2.2.1 Model set-up 
The model used in this Section, SHYFEM-WWM2-SEDTRANS05, is a coupled 3-
D current, wave, and sediment transport model. The first module of the coupled 
model is the 3-D hydrodynamic finite element model SHYFEM (Umgiesser et al., 
2004a), which solves the Shallow Water Equation on unstructured meshes. At each 
time  step,  the  resulting  3-D  model  computes,  for  every  node  of  the  numerical 
domain, the water level and the current velocities within each layer. The second 
module is the third generation spectral wave model WWM2 (Wind Wave Model) 
(Roland  et  al.,  2009),  that  solves  the  Wave  Action  Equation,  which  describes 
growth, decay, advection and refraction of wind waves due to depths and currents 
(computed by the hydrodynamic model). Finally, the sediment transport module is 
composed of the rate model SEDTRANS05 (Neumeier et al., 2008). This model 
computes the erosion and deposition rates and determines bedload and suspended 
transport for grain sizes ranging from silt to sand, in order to account for the type 
of  bed  material  found  in  the  area  of  study.  Resuspension  due  to  waves  is  also 
considered.  The  above  modules  are  coupled  together  in  a  synchronised  way, 
through pipes or UNIX FIFO files.  
The resulting integrated model computes the evolution of the wave spectrum for 
every grid point, accounting for the refraction due to depth and current. It then Longshore sand transport 
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resolves the hydrodynamics, computing the water level and the water transport as a 
function  of  tide,  wind,  and  wave-induced  forces.  Waves  and  currents  together 
determine the bed-shear stress, which is used by the sediment transport module to 
compute the erosion and deposition rates and determine the sediment volume that 
is injected into the water column, for each sediment class. Sediment advection is 
then  determined  and  modifications  to  bed  elevation  and  to  the  grain  size 
distribution are updated at each time-step based on the net erosion and deposition. 
Finally, the new depth is used to compute the hydrodynamics in the subsequent 
time-step, creating a feedback cycle that drives the morphological model forward 
(Ferrarin et al., 2008). The coupling of the model is summarised in Fig. 5.7. 
A simulation was run with real forcing for tide, wind, and wave data, measured at 
the  CNR  platform  located  in  the  north  Adriatic  (45.317214°  N,  12.536491°  E) 
(Fig.  5.5).  The  simulation  period  corresponds  to  100  days  beginning  on  the 
1/1/2006. The length of the simulation period is limited by computer power, since 
1  run  of  the  model  takes  4  to  5  weeks  to  complete.  The  mesh  used  for  the 
simulation  comprises  part  of  the  north  Adriatic  shelf  and  Venice  Lagoon,  to 
account for the interaction between the lagoon and the sea (Fig. 5.8). The model 
resolution along the coast out of the inlets consists of 3 nodes. 
5.2.2.2 Data processing 
The  ouputs  of  the  coupled  3-D  model  are  timeseries  of  bedload  transport  and 
average transport direction across the four cross-sections shown in Figure 5.3. The 
net and gross transport rates for the entire period were then obtained, as described 
for Method 1. 
5.2.3 Volumetric estimation 
5.2.3.1 Profile data source 
The  Magistrato  alle  Acque  Venezia  (MAV)  provided  two  profile  data  sets,  for 
2006 and 2007 (Fig. 5.9).  
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Figure 5.7 Coupled 3-D Hydrodynamic-Wave-Sediment transport model 
(SHYFEM-WWM2-SEDTRANS05) 
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Figure 5.8 Bathymetric mesh used for SHYFEM-WWM2-SEDTRANS05 
calculations, covering the northern Adriatic and Venice Lagoon (insets 
showing detail of inlets) Longshore sand transport 
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Figure 5.9 Beach profiles in (a) Sottomarina, and (b) Ca’Roman, where 
profiles are named by the letter S or P followed by the number of the profile 
from south to north (images extracted from maps produced by MAV) 
The  most  recent  renourishments  in  the  southern  Venetian  littoral  took  place  in 
Pellestrina between 1995 and 1999 and in Sottomarina between 1998 and 2000. 
Originally, renourishments were planned to take place every 10 years and these 
two surveys were carried out with the purpose of monitoring beach levels, identify 
risk areas, and to subsequently assess the magnitude of the required replenishment. 
A series of 18 groynes were built after the replenishment campaign, in order to 
retain sand more efficiently. The groynes were then provided with a submerged 
extension  that  joined  them  to  a  submerged  breakwater  (-1.5m  MSL),  which 
extends for 9 km along almost the entire length of the frontage, forming 18 cells 
(Fig.  5.9b).  It  is  assumed  that  no  exchange  of  sand  takes  place  between  the 
groyned and the groyne free sections. For the purposes of this study, we will only 
b b b b       
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consider  profiles  from  the  groyne  free  southern  section,  where  littoral  drift  is 
expected to occur naturally.  
The  data  provided  consist  of  11  profiles  in  Sottomarina  and  54  profiles  in 
Pellestrina;  however,  only  the  first  4  profiles  from  Pellestrina  were  considered, 
which are located in the area known as Ca’Roman. The analysed profiles vary in 
length  from  550  m  to  1100  m,  and  are  composed  of  a  topographic  section, 
extending from the base of the dunes or the built-on areas to the MSL line, and a 
bathymetric section going from the MSL line to -6 m (MSL). 
5.2.3.2 Profile data processing 
The  calculation  of  net  beach  volume  loss  or  gain  over  time  can  be  undertaken 
through a detailed analysis of beach profiles. This method makes it possible also to 
estimate the minimum littoral drift, to account for the observed changes in volume.  
To  calculate  the  volume  of  each  profile  (V),  the  cross-sectional  area  (A)  was 
multiplied by the width of the area represented by that profile (∆x) (Fig. 5.10): 
               A * ∆x = V                                     (5.4) 
This assumes that the contours remain constant in the horizontal, for the  whole 
area.  
 
 
Figure 5.10 Example of area represented by a profile 
∆x Longshore sand transport 
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The changes in volume between one section and another are assumed to be entirely 
in  response  to  littoral  drift.  Therefore,  they  account  for  the  total  sediment 
transported along that stretch of coast. Littoral drift rates are then obtained using 
the absolute changes in volume, calculated from the profiles (Foley, 2003): 
            ( ) 1 2 2 1 V V t Q Q vol vol − = ∆ +                            (5.5) 
where Qvol1 and Qvol2 represent the longshore component of sediment flow into and 
out of the system, and V2 - V1 is the volume change between 2006 and 2007. This 
formula calculates the difference between the inputs and outputs from the system. 
5.3 Results 
5.3.1 Numerical estimation – 1 D model 
5.3.1.1 Wave data analysis 
The wave data set characteristics were studied by plotting all the variables (H, T 
and  α)  against  the  whole  period  of  time  (January-December  2006).    Two 
predominant  offshore  wave  approach  directions  were  recognized  both  from  the 
time-series and from the histograms produced (Fig. 5.11c and 5.12c). The majority 
of the waves originate from angles of between 40° and 70° (NE Bora), and 130° 
and 180° (SE Sirocco). 
It is evident that Bora waves come from a narrower range of directions, whereas 
Sirocco waves have a wider spectrum.  It is also apparent that the Bora wind is 
predominant  during  winter,  while  Sirocco  is  more  characteristic  of  the  summer 
period (Fig. 5.11c), consistent with reported trends from previous wind and wave 
climate studies (Bertotti et al., 1996; Hurdle et al., 1995; Jeromel et al., 2009; and 
Zanuttigh et al., 2005). Predominant periods are around 3 s, with maxima of 8 s 
(Fig. 5.11b and 5.12b). 89% of waves are 1 m in height, or less (Fig. 5.12a), with a 
maximum wave heights of 3 m. 
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Figure 5.11 (a) Offshore wave heights, (b) wave periods and (c) wave 
directions recorded at the CNR oceanographic platform (Bora and Sirocco 
directions are indicated by the arrows). The red-circles mark outliers  
Further  processing  of  the  data  was  carried  out  to  find  correlations  between  the 
variables  (Fig. 5.13).  The most  significant correlation was  found between  wave 
height and wave direction. The highest waves were found to come from around 60° 
(i.e. Bora waves).  
The wave parameters were also analysed by creating bivariate histograms of H-α, 
and T-α. The histograms were created in two phases. The first step was to obtain 
the  number  of  waves  falling  within  certain  ranges  of  both  variables.  Then  the 
number  of  waves  within  each  bin  was  converted  to  percentages  to  obtain  the 
percentage of occurrence of waves from each sector. A Table was formed with the 
results  for  each  histogram  (see  Table  C-1  in  Appendix  C).  A  graphical 
representation of these histograms can be seen in Figures 5.14a and 5.14b. Each 
square represents a ‘bin’ or specific condition. The colours show the density of 
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waves found with those characteristics, where dark blue represents 0% occurrence 
of waves. 
 
Figure 5.12 Probability density of (a) wave height, (b) wave period, and (c) 
wave direction 
The most significant statistical results were obtained from the H-α histogram (Fig. 
5.14a), where it is possible to see more accurately that Bora waves (NE) are more 
frequent  than  Sirocco  waves  (SE);  18.5%  and  12%  respectively.  This  is  in 
agreement with  the  statistical analysis  performed  by Jeromel et  al.  (2009),  who 
studied wind data corresponding to the period between 2002 and 2004, finding that 
the  percentage  of  occurrence  of  Bora  and  Sirocco  winds  was  21%  and  12% 
respectively.  The  combined  occurrence  of  Bora  and  Sirocco  waves  adds  up  to 
approximately a third of the total waves recorded in 2006.   
More than 75% of all the recorded waves are less than 0.6 m high. The highest 
waves, those with heights of 2 to 3 m, approach the beach from an angle of 45° to 
70° (NE), followed by waves with heights between 1 and 2 m that approach the 
beach  from  an  angle  of  130°  to  180°  (SE).  Overall,  waves  with  the  highest 
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percentage of occurrence (dark red) are those which fall within the categories of 0-
0.6 m / 30-60°.  
 
 
Figure 5.13 (a) Wave height distribution against wave angle, and (b) wave 
period distribution against wave direction 
Approximately 58% of the waves approach from angles ranging from 0° to 45° and 
180° to  360°, which is the  range of angles corresponding to the landward side. 
These  are  smaller  waves  (two  thirds  of  them  are  less  than  0.3  m),  and  it  is 
therefore possible to assume that they form within the area between the buoy and 
the coast or that they are reflected waves. Alternatively, some of them might be 
due to errors within the measurements. In these cases, these waves were not taken 
into consideration for littoral drift calculations. 
More than 50% of the waves have periods of between 2 and 4 s, from which the 
majority are Bora waves. Although half of the Bora waves are less than 0.3 m high, 
some  of  the  highest  waves  come  from  that  direction  and  present  the  longest 
periods.  
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Figure 5.14 Joint probability distribution of (a) wave height and wave 
approach direction, and (b) wave period and wave approach directions 
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After analysis of the frequency distribution of the wave conditions, 18 scenarios 
were derived (Table 5-2).  These scenarios are considered to be representative of 
the predominant wave climate in the Venice Gulf and will be used to model littoral 
drift in the southern Venetian littoral, in the following Section.  
Waves  with  approach  directions  of  between  0°  and  45°  and  between  180°  and 
360°,  which  correspond  to  landward  directions,  have  been  eliminated  (see  Fig. 
5.5).  Villatoro  (2005)  found  that  waves  smaller  than  0.3  m  or  with  very  small 
periods  do  not  induce  longshore  transport,  and  therefore,  all  waves  with  these 
characteristics have also been removed from our scenarios. 
Table 5-2 Wave climate scenarios 
Condition 
Direction 
(degN) 
H (m)  T (s) 
Frequency 
(%) 
Scenario 
Waves from the 
coast 
0-45 and 
180-360 
all  all  58 
Not 
considered 
Bora 
50 
0.5  4  7.4  1 
1.5  5  4.0  2 
3  7  1.0  3 
65 
0.5  4  3.8  4 
1.5  5  1.7  5 
3  7  0.6  6 
Sirocco 
140 
0.5  4  5.3  7 
1  5  0.8  8 
2  8  0.1  9 
165 
0.5  4  4.7  10 
1  5  1.0  11 
2  8  0.1  12 
Levante  90 
0.5  4  1.4  13 
2  5  0.3  14 
Near calm 
80 
0.4  3  1.2  15 
1  4  0.7  16 
120 
0.4  3  5.8  17 
1  4  1.7  18 
 
5.3.1.2 Wave transformation 
Once the predominant wave climate was identified, the 18 wave conditions, which 
correspond to the buoy location, were transformed using REF-DIF 1. The model Longshore sand transport 
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calculated the refraction and diffraction of each condition as it propagates to the 
coast.  All  artificial  coastal  structures  were  included,  in  order  to  reproduce 
diffraction in a realistic manner. The model is also used to visualise the behaviour 
of  the  specific  wave  conditions,  making  it  possible  to  identify  the  areas  of  the 
coast subject to greater wave attack (Fig. 5.15a and 5.15b).  
 
Figure 5.15 Modelled waves around Chioggia Inlet for (a) scenario 1 (50°N 
Bora) and (b) scenario 8 (140°N Sirocco) 
Wave  conditions  corresponding  to  the  -2  m  contour  were  extracted  from  the 
REF/DIF  1  results  for  each  scenario  and  fed  into  another  wave  transformation 
programme, which establishes the breaking depth for each condition. The breaking 
conditions were used then as input for the littoral drift code. 
5.3.1.3 Littoral drift evaluation – Kamphuis equation 
Littoral drift was modelled for 18 scenarios, which are representative of the wave 
climate near the  Chioggia Inlet  throughout a  year. Transport  rates  (m
3/hr)  were 
obtained for a series of points along the coast, for all 18 scenarios. Figures 5.16 
and  5.17  show  the  obtained  transport  rates  for  Sottomarina  and  Ca’Roman, 
respectively. The direction of littoral drift appears to be mostly southward during 
Bora  events,  at  both  Sottomarina  and  Ca’Roman  (Fig.  5.16a-f  and  5.17a-f). 
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However,  while  Sirocco  winds  produce  a  predominantly  northward  transport  in 
Sottomarina, Ca’Roman is marked by reversals with northward transport occurring 
near  the  inlet  and  southward  transport  further  north  (Fig.  5.16g-l  and  5.17g-l). 
Levante winds and near calm wind conditions appear to induce northward transport 
in  Sottomarina  (Fig.  5.16m-r),  whilst  transport  in  Ca’Roman  is  only  northward 
next to the Chioggia Inlet, but becomes southward farther north (Fig. 5.17m-r).  
The conditions responsible for the majority of littoral drift in Ca’Roman are Bora 
winds scenarios 3 and 5 (50°, 3 m, 7 s and 65°, 1.5 m, 5 s). In Sottomarina, it is 
Sirocco winds scenario 12 and 9 (165°, 2 m, 8 s and 140°, 2 m, 8 s) (see Table C-2 
in Appendix C). The highest rates in Sottomarina were observed along the central 
section of the beach (Sotto2) for Bora winds, and next to the Chioggia Inlet and 
Brenta river jetties for all other wind conditions. 
 
Figure 5.16 Hourly littoral drift rates (m
3) calculated for 18 scenarios along 
the Sottomarina frontage (where 0 m is the Brenta River side and 5000 m is 
Chioggia Inlet side. A negative Q indicates transport to the south, while a 
positive Q is to the north) 
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The  average  transport  rate  (m
3/a)  was  calculated  for  the  4  studied  points  along 
Sottomarina and Ca’Roman beaches (Fig. 5.3) for each scenario (Table 5-3). The 
obtained transport  rates for each scenario  were extrapolated to an annual value, 
based upon the occurrence (% of time per year) of that particular scenario.  The net 
annual  transport  rate  was  obtained  then  by  adding  the  contributions  of  each 
scenario.  
Given that bulk expressions calculate the potential longshore transport rate passing 
through  a  point  for  a  specific  wave  condition,  a  second  Table  containing  the 
maximum transport rates generated by each wave condition was created (Table 5-
4), in order to compare to the average values shown in Table 5-3. 
 
Figure 5.17 Hourly littoral drift rates (m
3) calculated for 18 scenarios along 
the Ca’Roman frontage (where 0 m is the Chioggia Inlet side and 1500 m is 
the Pellestrina side. A negative Q indicates transport to the south, while a 
positive Q is to the north) 
Overall,  a  higher  gross  transport  rate  was  obtained  for  Sottomarina  than  for 
Ca’Roman, whilst the net transport rate was higher along Ca’Roman (Table 5-4). It 
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is  apparent  that  the  majority  of  scenarios  induce  northward  transport  along 
Sottomarina (all except Bora), which is the anticipated behaviour based upon the 
accumulation observed next to the southern jetty at Chioggia Inlet, and from the 
reported littoral drift direction in the literature (Brambati et al., 1978; Gatto and 
Carbognin,  1981).  Yet,  the  net  annual  transport  rate  calculated  for  2006,  in 
Sottomarina,  was  southerly,  -35,600  m
3/a.  In  contrast,  12  out  of  18  scenarios 
induce transport to the south along Ca’Roman, which is the anticipated direction of 
transport,  from  observations  and  the  literature.  The  net  annual  transport  rate 
calculated  for  2006  in  Ca’Roman  is  -89,000  m
3/a.  The  possible  reasons  for 
obtaining a correct net direction of transport along Ca’Roman, together with an 
incorrect one along Sottomarina are discussed further in Section 6 of this Chapter.  
Table 5-3 Sand transport rates obtained for each point for each scenario 
(extrapolated to annual frequency of each scenario) 
Scenario 
Transport rate (m
3/a) 
Sotto1  Sotto2  Sotto3  Ca 
1  -7,389  -14,985  -10,572  -21,791 
2  -5,748  -11,623  -8,304  -16,927 
3  -1,852  -4,285  -5,528  -5,290 
4  138  -1,113  -484  -1,426 
5  -135  -3,966  -2,248  -8,084 
6  -30  -1,319  -3,269  -2,722 
7  1,468  1,690  2,376  258 
8  1,290  1,424  1,717  -135 
9  707  860  569  2 
10  1,090  1,090  1,591  25 
11  1,304  1,176  1,742  75 
12  804  1,014  908  54 
13  430  433  66  -139 
14  1,009  904  27  -358 
15  136  -14  -83  -102 
16  866  -2  -487  -723 
17  718  844  555  107 
18  1,756  2,462  2,297  27 
Net  -3,436  -25,409  -19,129  -57,149 
Gross  26,872  49,203  42,822  58,246 
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Table 5-4 Maximum sand transport rates obtained for each scenario 
(extrapolated to annual frequency of each scenario) 
Scenario 
Maximum transport rate (m
3/a) 
Sottomarina  Ca'Roman 
1  -28,485  -34,961 
2  -21,827  -26,772 
3  -9,883  -9,334 
4  -3,075  -1,931 
5  -7,306  -12,882 
6  -5,999  -5,268 
7  5,600  945 
8  5,338  -1,356 
9  1,426  1,218 
10  5,276  -301 
11  6,237  -915 
12  1,373  902 
13  1,383  -809 
14  1,752  -1,487 
15  259  -210 
16  1,952  -1,715 
17  2,401  727 
18  7,970  5,192 
Net  -35,607  -88,954 
Gross  117,543  106,924 
 
It was found that, in general and for any given wave approach direction, higher 
waves induce greater transport; nevertheless, it is wave direction that influences 
littoral drift more strongly.  
5.3.2 Numerical estimation – 3D model 
A 100-day run was performed with full tidal, wind- and wave-forcing for the entire 
lagoon basin and the adjacent Adriatic. The model reproduced well the shear stress 
distribution  in  Venice  Lagoon,  and  the  resulting  morphological  changes 
(erosion/deposition)  (Fig.  5.18).  Similarly,  the  erosion/deposition  in  the  inlets 
seemed to be reproduced well at Lido and Chioggia Inlets.  Longshore sand transport 
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Figure 5.18 Modelled bed change in Venice Lagoon and adjacent Adriatic Sea 
using real tidal, wind, and wave forcing for a 100 day period starting on 
January 1
st 2006 
Unfortunately, it was not possible to reproduce the bottom shear stresses on the 
outer barrier islands; there may have affected the results of the longshore drift of 
sand, which were unrealistically small. The expected accumulation (6 cm/a) over 
Chioggia ebb tidal delta was not observed either.  
The total gross transport rates for the 100-day simulation ranged from 19 m
3/a in 
Sotto1,  to  27  m
3/a  in  Sotto  2  and  16  m
3/a  in  Sotto.  In  addition  to  the  obvious 
under-estimation, these values could not be extrapolated to an annual rate because Longshore sand transport 
5.3 Results                                                191 
they correspond to the first 100 days of the month, which are dominated by Bora 
winds. This would over-estimate the influence of Bora winds in comparison with 
other conditions that are more frequent during the remainder of the year. Thus, it 
was  decided  to  discard  these  results;  as  such,  they  were  not  included  in  the 
comparison of transport rates obtained with the other two methods. 
5.3.3 Volumetric estimation 
MAV provided profile data from their surveys for the years 2006 and 2007. The 
change in volume between 2006 and 2007 was calculated for each profile section. 
The change in volume should be representative of the amount of sediment moving 
along  the  Sottomarina  and  Ca’roman  frontages.  The  existence  of  cross-shore 
transport  was  discarded  because  there  is  no  sand  outside  of  the  breaker  zone; 
indicating  no  transport  of  sand  occurs  in  the  onshore-offshore  direction.  The 
bathymetric part of the profiles extends far enough into the sea, to consider volume 
changes in the nearshore and the gain in volume of the sub-aqueous spits located 
next to the inlet jetties. On average (applying a weighed mean to account for the 
difference  in  section  lengths),  the  sections  corresponding  to  all  profiles  in 
Sottomarina  have  gained  13,980  m
3/a,  whilst  those  in  Ca’Roman  have  gained 
12,833  m
3/a.  The  profiles  closest  to  Chioggia  Inlet  appear  to  have  gained  the 
greatest volume.  
The total amount of sand gained (net value) along all sections of the frontage in 
2006 was 97,492 m
3 in Sottomarina, and 72,578 m
3 in Ca’Roman. These values are 
approximately a fourth of the average yearly littoral drift reported for the northern 
section of the Venetian littoral, which range between 150,000 m
3 and 400,000 m
3 
(Fontolan et al., 2007). Table 5-5 and 5-6 show the volume change (m
3/a) and the 
normalised (to unit width) volume change (m
3/a/m) calculated for each profile in 
Sottomarina and Ca’Roman, respectively.  
The  normalised  volume  change  along  the  frontage  can  be  indicative  of  the 
direction  of  littoral  drift,  as  shown  in  Figs.  5.19a  and  5.19b.  The  observed 
direction  is  predominatly  northward  along  Sottomarina  and  southward  along 
Ca’Roman, as reported in the literature (Brambati et al., 1978; Gatto, 1984). Both Longshore sand transport 
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sites present localised reversals of the predominant drift direction. In the case of 
Sottomarina,  the  most  noticeable  reversal  is  located  on  the  southern  end  of  the 
frontage, which results from the diffraction of waves caused by the presence of the 
northern  jetty  of  the  Brenta  River.  This  induces  a  southerly  current  along  the 
southermost section that transports sediment from Profiles 2 to 5, into the southern 
end of the frontage next to the Brenta jetty, an area which is clearly undergoing 
accretion. Accretion is also observed along Profiles 6, 7 and 8, due to the localised 
confluence of drift, and next to Chioggia Inlet southern jetty. The only profile that 
presents  a  negative  volume  in  Ca’Roman,  corresponds  to  the  location  of  the 
seawall, where the entire profile is under the waterline. 
 
Table 5-5 Volume change of profiles in Sottomarina between 2006 and 2007 
Profile  Volume change (m
3/a)  Normalised volume 
change (m
3/a/m) 
S1  6,383  109 
S2*  -4,017  -33 
S3  -5,479.5  -29 
S4  -7,578  -31 
S5  -7,966  -27 
S6  21,531  40 
S7  11,224  16 
S8*  7,530  11 
S9  -16,448  -23 
S10*  14,806  17 
S11  77,507  120 
Mean  13,980**  15 
Total  97,492  - 
*Profiles corresponding to points Sotto1, Sotto2 and Sotto3 
** Weighted mean 
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Table 5-6 Volume change of profiles in Ca’Roman between 2006 and 2007
Profile
P1 
P2* 
P3 
P4 
Mean 
Total 
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Volume change of profiles in Ca’Roman between 2006 and 2007
Profile  Volume change (m
3/a)  Normalised volume 
change (m
3/a/m) 
-52,934  -165 
-27,855  -38 
15,238.5  20 
-7,027  -15 
  -12,833**  -49 
  72,578  - 
*Profile corresponding to point Ca 
** Weighted mean 
 
 
Normalised volume changes (m
3/a/m) along (a) Sottomarina and 
Net drift direction is towards the inlet, in both cases
193 
Volume change of profiles in Ca’Roman between 2006 and 2007 
) Sottomarina and 
in both cases
a 
b Longshore sand transport 
5.4 Discussion                                                194 
5.4 Discussion 
Three  different  methods  were  tested  for  the  estimation  of  the  yearly  longshore 
transport  rate  in  the  southern  Venetian  littoral.  Unfotunately,  only  two  of  them 
produced realistic results, whilst the full forcing 3-D evaluation of littoral drift and 
resulting  morphological  changes  could  not  be  used.  The  uncertainties  and 
limitations  of  the  results  obtained  with  the  other  two  methods,  as  well  as  the 
implications for the overall coastal cell budget, are discussed herein.  
5.4.1 Uncertainties and limitations 
According to the CERC Manual (CERC, 2000), in coasts where there are various 
directions  of  wave  approach,  such  as  in  Venice,  the  resultant  net  transport 
calculated  through  energy  flux-based  methods  could  be  smaller  than  their 
uncertainty: as such, the resultant direction could be incorrect. In such cases, it is 
important to compare the estimated transport directions and quantities with direct 
field evidence, such as impoundment by groynes or jetties. The volumetric method 
can be considered to be a more accurate method of littoral drift estimation than 
wave-based data, because of its direct nature.  Volumes are calculated from  real 
profile measurements, in a real-time period. Overall, fewer assumptions are made; 
however, the approach taken in this study is still far from precise. The object of 
carrying out a volumetric assessment of littoral drift was to obtain an estimate, to 
compare with the wave-based results.  
The  calculation  of  longshore  transport  rates  from  wave  energy  fluxes  carries  a 
series of inherent uncertainties, most important of which is that derived from the 
accuracy of the wave data used as input. The accuracy of wave data, in turn, is 
dependant upon the instrument measurements and type of analysis carried out. In 
this case, the use of a monochromatic wave model to transform offshore wave data 
to nearshore wave conditions implied that only wave scenarios could be modelled, 
as opposed to using the complete wave data set. The scenarios were identified from 
a detailed statistical analysis of the 2006  wave data;  however, they are only an 
approximation of the real wave climate, during that particular year. Longshore sand transport 
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Another important source of uncertainty in the results is that associated with the 
formulation used. As mentioned in previous Sections, bulk equations for longshore 
sediment  transport  make  many  assumptions;  these  relate  to  infinite  amounts  of 
material available and limitless beaches. They do not consider the littoral cell in a 
budgetary  sense;  this  can  result  in  misevaluations  of  actual  sediment  transport 
rates. 
Calculation  of  littoral  drift  rates  from  wave  energy  fluxes  only  makes  also  the 
fundamental assumption that the effect of tides has little influence, compared to 
the effects of waves. This is generally true, however, in this particular study, this 
means dismissing the effect that the interaction between the lagoon and the sea has 
on  the  local  coastal  hydrodynamics.  It  has  been  documented,  both  from 
observations  and  modelling  studies  (Bellafiore  et  al.,  2008;  Gačić  et  al.,  2009; 
Kovačević et al., 2004), that such interaction induces the formation of two 5 km 
wide  clockwise  eddies  in  front  of  Chioggia  and  Malamocco  inlets  during  all 
conditions except for strong Bora winds (Fig. 5.20). The southern eddy particularly 
affects the coastal circulation patterns along Sottomarina, inducing a net northward 
transport, opposite to what is expected from wave action only. This explains the 
net  southerly  transport  calculated  for  Sottomarina  with  the energy  flux  method, 
when  accumulation  next  to  Chioggia  Inlet  southern  jetty  indicates  the  contrary. 
Thus,  it  might  be  expected  that  the  real  magnitudes  of  longshore  transport  for 
Scenarios  7-18,  which  correspond  to  Sirocco,  Levante,  and  calm  winds  wave 
conditions are higher than those obtained through the wave energy flux method; 
therefore, inducing a net northward transport.  
One final consideration in the interpretation of the results obtained with the wave 
energy  flux  method  is  the  effect  of  annual  variability,  which  is  clearly  not 
accounted  for  in  the  present  study,  since  only  one  year  of  data  was  available 
(2006).  Villatoro  (2005)  showed  that  even  in  areas  with  a  predominat  net  drift 
direction, such as the eastern part of Christchurch Bay, England, annual reversals 
can be observed. This limitation was also a factor in the longshore transport rate 
estimations  based  upon  volumetric  changes;  only  one  year  was  studied  (2006-
2007). According to the CERC Manual (CERC, 2000), for estimates of longshore 
transport  rates  obtained  from  volumetric  analyses  to  be  reasonable,  the  studied Longshore sand transport 
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time span must be a decade or more, so that the results respresent a long-term net 
sediment transport rate. 
 
 
Figure 5.20 Mean current field in front of Malamocco inlet during calm 
situations (wind speeds lower than or equal to 3 m/s) for all wind directions 
(including Bora and Sirocco) (modified from Gačić et al., 2009) 
5.4.2 Comparison 
It is not possible to carry out a straightforward quantitative comparison between 
volumetric  and  wave-based  littoral  drift,  because  of  the  inherent  differences  in 
both  methods.  As  explained  above,  they  utilise  different  input  data  and  make 
different assumptions. Nevertheless, a qualitative comparison can  be undertaken 
for  the  volume  changes measured  from  profile data  and  the drift  rates  obtained 
from wave data.  
Table 5-7 shows the average longshore transport estimates obtained through the 
wave  energy  flux method and  through  volumetric analysis, for  Sottomarina and 
Ca’Roman.  The  results  are  thought  to  be  representative  of  transport  along  that 
section of the coast. The most noticeable difference, when comparing the results 
from both methods, is the opposite direction of transport obtained in Sottomarina. Longshore sand transport 
5.4 Discussion                                                197 
The  causes  for  the  calculation  of  an  incorrect  net  transport  direction,  with  the 
energy  flux  method,  have  been  described  in  the  previous  Section  and  will  be 
further  discussed  in  the  following  Chapter  (in  the  presentation  of  a  conceptual 
geomorphological model for the Chioggia Inlet coastal cell). A potential cause is 
that wave-current interaction is not considered in the calculations. It is possible 
that the strength of the longshore current along Sottomarina is enhanced by the 
prolonged effect of winds or the presence of the water circulation vortex. 
Table 5-7 Longshore transport rates calculated with two different methods for 
Sottomarina and Ca’Roman 
  Sottomarina  Ca’Roman 
Energy flux  -35,600  -89,000 
Volumetric  97,500  -72,500 
 
On  the  other  hand,  the  results  obtained  for  Ca’Roman  with  the  two  different 
methods, seem to agree well in both magnitude and direction (Table 5-7). This is 
because  the  hydrodynamic  conditions  along  Ca’Roman  are  dominated  by 
diffraction  and  not  vorticity.  Unlike  vorticity,  the  effect  of  the  jetties  and  the 
detached breakwater on wave diffraction was successfully modelled by the wave 
transformation model used, REF-DIF 1, and included in the results.  
5.5 Conclusions 
Cooper and Pilkey (2004) raised the question of whether an earth surface system as 
complex and variable as longshore
 transport on beaches can ever be quantitatively 
modeled or measured
 successfully. It is proposed herein that the numerical results 
produced in this study cannot be taken into consideration in a quantitative way. 
The results presented are, at best, a good standard to refer to when carrying out 
further studies on potential sediment transport in the absence of currents, in the 
Venetian littoral. Nevertheless, qualitative mathematical modeling remains a valid
 
and useful approach to understanding the nature of sedimentary
 processes. Results 
indicate  that  littoral  transport  patterns  along  the  Venetian  shores  seem  to  be Longshore sand transport 
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dependant  as  much  on  tidal  flows  as  on  wave-driven  flows.    The  interaction 
between  these  two  induces  the  formation  of  vortex  or  eddies  along  the  coast 
(Bellafiore et al., 2008; Gačić et al., 2009; Kovačević et al., 2004) which, in turn, 
have an influence on the main morphological features (Zimmerman, 1981). 
The calculation of longshore sediment transport rates from beach profiles, on the 
other hand, provided an accurate estimate of the yearly net longshore transport rate 
along the Sottomarina and Ca’Roman frontages, with a total net volume gain of 
97,500  m
3/a,  and  72,500  m
3/a  respectively.  These  values  are  approximately  a 
fourth of the average yearly littoral drift reported for the northern section of the 
Venetian littoral, which range between 150,000 m
3 and 400,000 m
3 (Fontolan et 
al.,  2007).  The  implications  of  the  proposed  littoral  transport  magnitudes  and 
directions on the calculation of the overall sedimentary budget of Chioggia Inlet 
will be discussed further in the following Chapter.  
 
6 Discussion 
 
 
 
 
Both coastal and fluvial sources of sediment were significant to the Venice Lagoon 
sediment  balance  before  anthropogenic  interventions  took  place.  Geological 
evidence  suggests  that  much  of  the  sequence  of  the  Holocene  deposits  in  the 
lagoon is a mixture of marine and fluvial sediments (Brambati et al., 2003). There 
is insufficient information to establish the prevailing gross sediment balance at that 
time. However, historical records indicate that the lagoon was silting up before the 
river  diversions  and  inlet  stabilisation  took  place.  Once  the  fluvial  and  marine 
sources  were  removed almost entirely, the system was  not  able  to adjust to the 
relative  sea-level  rise  and  started  exporting  more  sediment  than  it  imported 
(Carbognin  and Cecconi, 1997). The  majority  of sediment  is  being  resuspended 
from the intertidal flats by wave action; it is transported then by tidal currents into 
tidal channels and out of the lagoon. This pattern is demonstrated in Chapter 3, by 
the calculated increase of subtidal to intertidal area ratio and the decrease in the 
average depth of tidal channels. Deposition in the tidal channels is leading to a 
simplification  or  flattening  of  the  lagoon  morphology,  and  to  the  consequent 
simplification of the hydrodynamic regime (Sarretta et al., 2010). Thus, the tidal 
wave propagation, which is through the channels, is expected to become affected 
(Umgiesser et al., 2004a). 
In an effort to counteract this erosive trend, present lagoon management practices 
include the re-use of suitable dredged material for saltmarsh reconstruction (CVN, 
1996).  The  rates  of  maintenance,  disappearance  or  growth  of  the  ‘artificial’ Discussion                                                200 
saltmarshes have not ben studied. However, given the present increase in depth and 
wave energy in the lagoon, it is expected that they will undergo erosion. 
Nevertheless,  it  is  suggested  that  the  lagoon  will  eventually  start  importing 
sediment again, as the intertidal areas of the lagoon erode and the ratio of intertidal 
area (Ai) decreases relative to basin area  (A) (Helsby, 2008; Speer and  Aubrey, 
1985).  Helsby  (2008)  found  that  the  northern  lagoon  may  be  becoming  flood 
dominant once more, which is in agreement  with the reported  deposition in the 
northern basin (Sarretta et al., 2010). This thesis has attempted to provide similar 
insight into the transport of sand in the Southern Basin and to estimate the role of 
Chioggia  Inlet  sand  budget,  within  the  overall  budget  of  the  lagoon.  The  main 
findings are discussed herein. 
6.1 Pathways of transport 
The  very  existence  of  Venice  Lagoon  is  due  to  the  abundant  river  supply  of 
sediments, which allowed the lagoon to become separated from the sea by a series 
of sand barriers (Brambati et al., 2003). These fluvial sands are transported along 
the Venetian littoral in a southerly direction from Cavallino to Ca’Roman, where it 
converges with northerly transport from Isola Verde to Sottomarina (Brambati et 
al.,  1978;  Gatto,  1984).  Calcimetry  analysis  has  shown  that  the  northerly  and 
southerly  drift  of  sand  along  the  coast  have  different  sources.  Dolomite-rich 
sediment is transported from the Dolomite catchment basin into northern Venice 
Lagoon and the northern Adriatic littoral, by the rivers Sile and Piave. Quartz-rich 
sediment from the Alps catchment basin is supplied into the southern littoral by the 
rivers Po, Adige and Brenta (from south to north). Further indicators of the net 
transport  direction  were  the  observed  accumulation  of  sediment  updrift  of  the 
groynes and jetties, together with the gradual decrease in the grain size from south 
to north along Sottomarina (representing grain maturity). Even though they have 
different origins, sediments in Sottomarina, Ca’Roman, and the inlet entrance have 
similar high calcite/dolomite (c/d) ratios, indicating relatively unworked sediment. 
This pattern suggests sediment from the coast is imported into the inlet entrance. 
Carbonate content links the sediment in the inlet entrance to Sottomarina, further Discussion 
6.1 Pathways of sand transport                                                201 
indicating by-pass of sand around the tip of the southern jetty. This depositional 
feature also has the highest proportion of sand in the inlet. Direct measurements of 
sand in transport relate the mode and magnitude of transport to seabed grain size: 
sand is transported in greater amounts and closer to the bed in those areas with the 
larger  grain  sizes,  such  as  the  inlet  entrance,  whilst  the  rest  is  dominated  by 
transport of fines and fine sand, mostly in suspension. Transport of sand through 
the inlet, occurs when the flow measured 20 cm above the seabed exceeds 0.18 
m/s. 
Sediment from the mudbelt region has low c/d ratios (Bellucci et al., 2005), which 
refer  to  highly  reworked  or mature sediment,  such  as  that found  in  the  lagoon. 
Both the c/d ratio and the overall carbonate content values of the ebb-tidal delta 
sediments indicate that it is composed of sediment from the lagoon and the coast. 
6.2 Proposed genesis and evolution of Chioggia Inlet 
The substantial changes in the Chioggia Inlet ebb-tidal delta evolution provide a 
clear  example  of  the  responses  of  an  inlet  system  to  the  cumulative  effects  of 
human intervention. A conceptual model of the genesis and evolution of Chioggia 
Inlet is presented in Fig. 6.1. It is divided into four sub-models; (i) explaining the 
genesis/evolution of the inlet before jetty construction; (ii) for the initial response 
to jetty construction; (iii) for the description of present day evolution; and (iv) a 
hypothesis about the future evolution of the inlet features. This conceptual model 
takes into account the constraining effects of the inlet throat and back-barrier, as 
well as the predominant wave direction and geostrophic current.  
The  proposed  conceptual  model  follows  the  approach  of  Elias  (2006),  which  is 
based on the concepts of FitzGerald (1982; 1988), Dean (1971), and Oertel (1988), 
amongst others. It consists of three basic elements; the basin, the inlet throat, and 
ebb-tidal delta. These elements are coupled through a main ebb-channel, which is, 
in  turn,  composed  of  four  coupled  domains:  A)  the  basin  channel;  B)  the  inlet 
throat; C) the proximal ebb-channel (tidally-dominated part of the ebb-tidal delta); 
and D) the distal ebb-channel, including the ebb-shield (wave-dominated part of 
the ebb-tidal delta). The outflow through each section reflects the influence of the Discussion 
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forcings and constraints that act on it, such as tidal prism or oblique basin-channel 
orientation in Domain A, or narrowing of the cross-sectional area of the inlet in 
Domain  B.  The  importance  of  such  forcings  and  constrains  on  ebb-tdial  delta 
configuration has been illustrated by Hicks and Hume (1997) and FitzGerald et al. 
(1984). 
Two  completely  different  inlet  layouts  are  observed  before  and  after  the 
stabilisation of the inlet, their respective evolution is thus discussed separately. 
 
 Figure 6.1 Conceptual geomorphological model for the evolution of Chioggia 
Inlet: (a) before inlet stabilization (1800); (b) after inlet stabilization (1934); 
(c) present day (2006); and (d) future 
6.2.1 Inlet evolution, before stabilisation (1800) 
Even  though  by  the  1800’s,  most  of  the  river  diversions  had  taken  place;  the 
lagoon basin had not entered the erosional phase. It was shallower than today, but 
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still presented the highly developed network of tidal channels and mudflats that is 
undergoing simplification under present trends (Chapter 3; Sarretta et al., 2010). 
Thus, the tidal prism, which is determined by the tidal range and maximum basin 
storage area, was smaller. Domain A of the ebb-channel was a southward curved 
very  well  defined  channel.  The  orientation  of  the  main  channel  in  the  basin 
(leading from Chioggia Port into the inlet) dictated the initial direction of the ebb 
outflow  into the inlet  throat,  which did  not  change after  inlet  stabilisation.  The 
ebb-jet (Domain B) is the acceleration of the ebb flow, as it passes through the 
constricted  inlet  throat  (Hayes,  1980).  The  magnitude  of  the  ebb  jet,  which 
determines the sediment-carrying capacity, thus the ability of the flow to transport 
sediment further seaward onto the delta, was less than nowadays, as a result of the 
smaller tidal prism and wider inlet throat. Therefore, sand was deposited closer to 
the inlet. The strength of the ebb-jet was insufficient to counteract the effect of 
waves and littoral currents (Comain C), and sand was redistributed along the coast 
by the dominant southerly West Adriatic Coastal Current (WACC), inducing an 
asymmetrical  shape  to  the  delta  (domain  D,  Fig.  6.1a).  Flood  channels  existed 
along  the  coast  before  jetty  construction;  these  were  of  major  importance  for 
transporting  coastal  sediments  back  into  the  basin.  Estimates  of  sand  import 
through  the  inlets,  before  jetty  construction,  are  of  the  order  of  300,000  m
3/a 
(CVN, 1996). 
 
Figure 6.2 Damage to the seawall in Pellestrina (north of Chioggia Inlet) 
after a devastating storm hit the Venetian littoral in 1966 (courtesy of MAV, 
www.salve.it) Discussion 
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If the stabilisation of the inlet had not taken place, and the barrier islands had not 
been  protected  by  seawalls,  and  more  recently,  sand  renourishment,  the  natural 
tendency of the barrier-inlet system would have been towards a roll-over model 
(Galgano and Leatherman, 2005). This is demonstrated in Fig. 6.2, where damage 
to the seawall in Pellestrina as a result of the 1966 devastating storm can be seen 
(return frequency of 1:250). Other examples of transgressive coasts and landward 
migration  of  barriers  are  given  by  Swift  (1968),  Sallenger  (2000),  and  McLean 
(1984).  
6.2.2 Inlet evolution after stabilisation (1934-2006) 
The location and shape of the basin channel (Domain A) did not change following 
construction of the jetties. However, the combined effect of the newly constricted 
inlet and the increase in tidal prism, resulted in a stronger ebb-jet (Domain B). The 
high velocity of the ebb-jet flow has caused erosion along the proximal channels 
(Domain  C)  exposing  underlying  semi-consolidated  sediments,  which  might 
contribute to the stability of the channel. Stability of Domain C of the ebb channel 
is also helped by its  position, further beyond  the area influenced by  waves and 
wave-driven currents (Fig. 6.1b and 6.1c). The ebb-tidal delta terminal lobe and 
distal ebb-channel  (Domain  D,  Fig.  6.1c) are  also  outside  the  region  where the 
landward-directed wave-driven transport and the seaward-directed tidal transport 
would  normally  interact.  This  dynamic  interaction  can  lead  to  channel  or  delta 
migration in other inlets; however, it is not the forcing behind delta migration in 
the Chioggia Inlet.  
The observed northward migration of the ebb-tidal delta, between 1990 and 2005, 
is in contrast to the direction of the WACC and is the result of the anti-cyclonic 
vortex that forms in front of Chioggia Inlet. This vortex forms by the interaction of 
the  WACC  and  the  inlet  tidal  flow;  it  is    not  known  whether  it  existed  before 
entrainment of the inlet, since the ebb-jet was weaker at the time (Bellafiore and 
Umgiesser, 2010). Nevertheless, there is evidence that transport along Sottomarina 
was  northwards,  even  before  the  construction  of  the  jetties  (Gatto,  1984);  this 
suggests that the vortex existed, but was located probably closer to the coast. Thus, 
it is proposed that the morphology and, possibly, the existence of the ‘new’ ebb-Discussion 
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tidal delta is a result of the water circulation vortex. The formation of similar ebb-
shoals  by  tidal  vortexes  has  been  observed also in the  Neko  Seto  Sea  in Japan 
(Takasugi et al., 1994). Finally, a flood channel is identified around the tip of the 
southern jetty. Sediment accumulation next to jetty is so high that it is starting to 
by-pass into the inlet mouth, through this channel (Fig. 6.1c). 
6.2.3 Future inlet evolution 
Based upon the observed behaviour of the ebb-tidal delta since 1990, it is projected 
that it will migrate further north until it reaches the location of the ebb-channel, 
Domain C (Fig. 6.1d). The channel is expected to remain stable, according to the 
descriptions of ebb-tidal delta evolution for systems in which wave energy is small 
compared to tidal energy (FitzGerald, 1982; FitzGerald, 1988; FitzGerald et al., 
2000; Hayes, 1980; and Oertel, 1988). The ebb-tidal delta is expected to develop 
an  asymmetrical  shape  similar  to  that  of  the  ‘original  delta’  (Fig.  6.1a),  but 
oriented in the opposite direction, due to the effect of the circulation vortex. It is 
also  expected  that  the  ebb-tidal  delta  will  migrate  farther  seawards  due  to  the 
constraining effect of the newly built MOSE refuge port and detached breakwater 
on the ebb-jet. These structures (commenced in 2005) have narrowed the cross-
sectional area of the inlet, by approximately 20%; they have ‘extended’ the inlet 
channel into the sea. This will shift the position of the vortex farther out and, thus, 
the location of the ebb-tidal delta.  
Import  of  sand  around  the  tip  of  the  southern  jetty  is  expected  to  increase  as 
accumulation  on  the  beach  side  reaches  the  end  of  the  jetty.  This  sand  will  be 
deposited  into  the  ‘proto’  ebb  spit,  identified  from  bathymetric  comparisons  in 
Chapter 3, which will develop further into a similar feature to that identified by 
Helsby  (2008)  in  Lido  Inlet.  Thus,  this  feature  is  expected  to  constitute  an 
important pathway of sand into the Southern Basin in the future. 
6.3 Chioggia Inlet sand budget 
A sediment budget is the net balance of sediment gains and losses, or sources and 
sinks,  within  a  specified  cell  (Rosati  and  Kraus,  2001).  Estimation  of  the  sand Discussion 
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budget  in  Chioggia  Inlet  can  provide  a  further  insight  into  the  balance  of  the 
system  and  its  future  evolution.  Therefore,  a  conceptual  flow  box  model  to 
evaluate  the  mass  balance  of  sand  in  Chioggia  Inlet  is  proposed  (Fig.  6.3).  It 
incorporates the identified sediment transport pathways and calculated net volume 
changes (from previous Chapters) and provides a basis for quantitative analysis. 
For  the  purposes  of  this  study,  the  back  barrier  processes  are  limited  to  the 
southern lagoon. Solidoro et al. (2004a) used the previously applied and calibrated 
finite element model (SHYFEM) (Umgiesser and Bergamasco, 1993; Umgiesser et 
al., 2004a) to partition the lagoon into four physically homogeneous areas, to study 
internal circulation, providing validation for this type of sub-basin analysis. 
 
 
Figure 6.3 Sand budget of Chioggia Inlet 
The algebraic difference between the sediment sources and the sinks in each cell 
must be equal to the rate of change in the sediment volume occurring within that 
region: 
ΣQsource – ΣQsink – ∆V = Residual                   (6.1) 
where Qsource and Qsink are the sources and sinks to the cell, respectively, ∆V is the 
net change in volume within the cell, and Residual represents the degree to which 
the cell is balanced (if balanced residual = 0). 
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The  identified  sources  are  longshore  sediment  transport  in  Sottomarina  (Qs), 
longshore  sediment transport  in  Ca’Roman  (Qc), and transport  through  the inlet 
(Qi).  The  sinks  are  accretion  of  the  Sottomarina  coast  (∆Vs),  accretion  of  the 
Ca’Roman coast (∆Vc), accretion of the ebb delta (∆Ved) and accretion of the inlet 
ebb spit (∆Ves). 
The sources can be expressed as: 
Qs = Qs1 + Qs2 + Qs3;                   (6.2) 
 Qc = Qc1 + Qc2;  and                   (6.3) 
   Qi = Qflood - Qebb                          (6.4) 
Two  versions  of  the  budget  have  been  produced  for  comparison  purposes;  (a) 
where  only  the  sinks  are  known  (from  measured  volumetric  changes),  and  (b) 
where both the sources and the sinks are known (from modelling and volumetric 
analysis, respectively). 
6.3.1 Budget A 
In  deriving  Budget  A,  the  residual  loss  of  sediment  into  the  offshore  has  been 
assumed  to  be  zero,  therefore,  the  system  is  considered  to  be  balanced.  This 
idealised balanced version of the budget, assumes that the values of the sources are 
equal to the sinks, so that Qs1 = ∆Vs, Qs3 = ∆Ves, Qc1 = ∆Vc, Qi = ∆Vb; and Qs2 + Qc2 
+ Qi = ∆Ved. Furthermore, the contributions of sand to the delta from longshore 
transport in Sottomarina (Qs3) and Ca’Roman (Qc2) have been assumed to be equal. 
The  results  are  presented  in  Tables  6-1  and  6-2,  while  the  resultant  sediment 
budget is summarised schematically in Fig. 6.4.  
Table 6-1 Known sinks 
Sinks  Volume gain (m
3/a) 
∆Ved  50,000 
∆Ves  2,000 
∆Vc  72,500 
∆Vs  97,500 
Total  222,000 
 Discussion 
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Table 6-2 Sources calculated from the sinks assuming the budget is balanced 
Sources  Transport rate (m
3/a) 
Qs1  97,500 
Qs2  18,700 
Qs3  2,000 
Qc1  72,500 
Qc2  18,700 
Qi  12,600 
Total  222,000 
 
 
 
 
 
 
 
 
 
 
Figure 6.4 Mass balance of sand in Chioggia Inlet, for Budget A 
The  budget  proposed  here  is  a  net  budget.  A  net  budget  does  not  identify  the 
mechanisms that give rise to the exchanges identified (Townend and Whitehead, 
2003). However, it can provide insight into the following: 
-  25% of the sand in the Chioggia ebb-tidal delta has been supplied by the 
southern  basin  of  the  Venice  Lagoon,  whilst  the  remaining  75%  is  fed 
through littoral drift; 
-  assuming that sand export through Chioggia Inlet is equivalent to 10% of 
the total load in transport (125,770 m
3/a), then the magnitude of the sources 
and sinks of sand in the Chioggia Inlet cell are about twice the total yearly 
loss of sediment from the Southern Basin; and 
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-  thus, it is possible to hypothesise that if the inlet jetties were removed, sand 
import through the inlet would surpass exports - this would only account for 
the  sand  fraction  balance,  whereas  the  fines  would  most  likely  maintain 
their negative balance. 
6.3.2 Budget B 
An  alternative  budget  can  be  obtained  using  the  sources  evaluated  through 
modelling in Chapters 4 and 5 (Table 6-3). The sinks are considered to be the same 
as for Budget A.  The resultant sediment budget is summarised schematically  in 
Fig. 6.5. 
Table 6-3 Sources calculated from modelling 
Sources  Transport rate (m
3/a) 
Qs  -35,600 
Qc  89,000 
Qi  7,215 
Total  60,615 
 
 
 
 
 
 
 
 
 
 
Figure 6.5 Mass balance of sand in Chioggia Inlet, for Budget B 
This budget produces a residual of -161,385 m
3/a, which means that the fluxes are 
insufficient to account for the observed volumetric changes. It is likely that the 
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error in the budget is due to the error in the direction and magnitude of the littoral 
drift rate calculated for Sottomarina (Qs), since the remainder of the fluxes are in 
agreement with the sources calculated for Budget A, from volumetric changes.  
6.3.3 Influence of storms on sand transport 
It is proposed that the missing element required to obtain a balanced budget in the 
case of Budget B is the consideration of the effect of storms on transport.  In order 
to test this hypothesis, the model SEDTRANS05 (Neumeier et al., 2008) was used 
to model the resultant transport when wave-current interaction is considered. The 
importance  of  wave-current  interaction  in  the  resuspension  and  transport  of 
sediment along the western Adriatic shores, was also noted by Wang and Pinardi 
(2002). 
The vortex that drives the northerly littoral current along Sottomarina is present 
during all conditions  of  wind, except for  Bora  winds  (Gačić et al., 2009).  This 
means that the resultant littoral circulation is in the direction of the wave-induced 
littoral current during Sirocco, Levante and calm winds, further enhancing wave-
induced  transport.  A  series  of  scenarios  corresponding  to  Sirocco  (7,  8  and  9), 
Levante (13 and 14), and calm wave conditions (15, 16) have been modelled to 
consider a superimposed current of 0.5, 1 and 1.5 m/s (Table 6-4).  
Sirocco  scenario  9  produces  a  rate  of  82  m
3/hr  considering  wave-forcing  only, 
while it increases to 200 m
3/hr, 1,000 m
3/hr, and 3,726 m
3/hr when the effects of 
currents  of  0.5  m/s, 1  m/s, and  1.5 m/s  respectively  are  considered.  Thus,  it is 
estimated that Sirocco-driven storms would need to induce a northerly current of 1 
m/s for 10 days per year, to induce transport equivalent to 260,000 m
3/a. Such a 
value would be sufficient to balance the residual of 160,000 m
3/a, calculated from 
the comparison of the two budgets.   
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Table 6-4 Transport rates modelled under the combined influence of waves 
and currents for a series of wave scenarios 
Scenario 
Current 
speed (m/s)  H (m)  T (s)  Q (m
3/s/m)  direction  Q (m
3/hr)  Q (m
3/day) 
Q (m
3/10 
days) 
7  0.5  0.5  4  0.00001347  north  4.8  116.3  1,163.8 
8  0.5  1  5  0.00006872  north  24.7  593.7  5,937.4 
9  0.5  2  8  0.0005459  north  196.5  4,716.5  47,165.7 
7  1  0.5  4  0.0002576  north  92.7  2,225.6  22,256.6 
8  1  1  5  0.0007576  north  272.7  6545.6  65,456.6 
9  1  2  8  0.003051  north  1,098.3  26,360.6  263,606.4 
7  1.5  0.5  4  0.001949  north  701.6  16,839.3  168,393.6 
8  1.5  1  5  0.003471  north  1,249.5  29,989.4  299,894.4 
9  1.5  2  8  0.01035  north  3,726  89,424  894,240 
13  0.5  0.5  4  0.00001085  north  3.9  93.7  937.4 
14  0.5  2  5  0.0003477  north  125.1  3,004.1  30,041.2 
13  1  0.5  4  0.0002061  north  74.1  1,780.7  17,807 
14  1  2  5  0.002007  north  722.5  17,340.4  173,404.8 
13  1.5  0.5  4  0.001589  north  572.04  13,728.9  137,289.6 
14  1.5  2  5  0.006876  north  2,475.3  59,408.6  594,086.4 
15  0.5  0.4  3  0.000007179  north  2.5  62  620.2 
16  0.5  1  4  0.00004946  north  17.8  427.3  4,273.3 
15  1  0.4  3  0.0001773  north  63.8  1,531.8  15,318.7 
16  1  1  4  0.0005731  north  206.3  4,951.5  49,515.8 
15  1.5  0.4  3  0.001489  north  536  12,864.9  128,649.6 
16  1.5  1  4  0.002892  north  1,041.1  24,986.8  249,868.8 
 
6.3.4 Implications  for  the  lagoon  budget  and  implications  for 
coastal management 
The sand budget of the Lagoon is negatively balanced. Based on bathymetric and 
topographic change analysis, the inputs are not sufficient to allow the system to 
adjust to changes, such as relative sea level rise.  Chioggia Inlet, on the other hand, 
seems to have a plentiful supply of sand, and appears to be retaining most of it 
within its identified sinks. Given the observed relative importance of littoral drift, 
with respect to the exchanges through the inlet, and the present concern about the 
net loss of sand from the Lagoon, it is suggested that the system is managed so that 
a more efficient import of sand through the inlet can take place. Evidence suggests 
that  this  has  started  to  take  place  already;  however,  it  could  be  accelerated  by 
manual  by-passing  of  sand  from  the  shores  into  appropriate habitats  within  the Discussion 
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lagoon, or by shortening of the jetties. This incipient import of sand into the inlet 
is thought to take place mostly during Sirocco events. Coincidently, the proposed 
closures of the storm surge barrier will take place during extreme Sirocco events, 
possibly  reducing  the  inlet’s  hability  to  naturally  restore  the  sand  budget  by 
importing sand from the adjacent shores. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
7 General conclusions 
 
 
 
This  study  has  investigated  the  magnitude  and  pathways  of  sand  transport  in 
southern  Venice  Lagoon  and  the  resulting  morphological  changes  on  a  macro-, 
meso-  and  micro-scale.  A  summary  of  the  main  conclusions  and  findings  is 
presented below: 
•  Anthropogenic  influence  has  had  a  determinant  role  in  the  long-term 
volumetric  balance  of  the  Southern  Basin,  with  the  diversion  of  rivers, 
human-induced  subsidence,  illegal  clam  fishing,  dredging  for  navigation 
purposes,  and  construction  of  the  jetties,  resulting  in  a  net  export  of 
sediment from the lagoon.  
•  Two main pathways of sand transport were identified in the Southern Basin: 
the net export of sand through Chioggia Inlet, and littoral drift. 
•  Sand transport through the inlet appears to be bed grain size dependent and 
to take place mostly within the bottom 1 m of the water column. 
•  The  export  of  sand  from  the  inlet  was  estimated  as  12,600  m
3/a,  from 
bathymetric  analysis  of  the  Southern  Basin,  and  as  7,215  m
3/a  from 
modelling.  
•  The  export  of  sediment  through  the  Chioggia  Inlet  accounts  to 
approximately  15%  of  the  overall  lagoon  sediment  budget,  based  upon 
present estimates (Defendi et al., 2010; Sarretta et al., 2010).  
•  Model calibration, with thresholds of transport and profiles of concentration 
derived from direct measurements, was found to improve the accuracy of 
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•  Littoral drift was found to be very important in the overall inlet budget, and 
to have caused accretion of the southern Venetian shores next to Chioggia 
Inlet. 
•  Estimates of littoral drift obtained through volumetric analysis were of the 
order of 97,500 m
3/a in Sottomarina and 72,500 m
3/a in Ca’Roman.  
•  Evaluation of littoral drift through wave energy flux-based equations was 
found to produce large errors, due mainly to not considering the effects of 
wave-current interaction on mass transport in the breaker zone. 
•  A series of sinks or volumetric features were identified from bathymetric 
analysis,  for  the  first  time:  (a)  an  ebb  spit  at  the  inlet  mouth;  (b)  an 
accreting beach and sub-aqueous spit to the north of the Chioggia Inlet; (c) 
an accreting beach and sub-aqueous spit to the south of the Chioggia Inlet; 
and  (d)  an  asymmetrical  ebb  tidal  delta,  situated  to  the  southeast  of 
Chioggia Inlet mouth. 
•  The origin and morphology of the ebb-tidal delta, which accreted at a rate 
of 50,000 m
3/a between 1990 and 2005, is considered to be the result of the 
circulation vortex present in front of Chioggia Inlet. 
•  The extent of the influence of the vortex on the inlet’s morphodynamics had 
not been identified before this study; it not only influences the ebb-tidal 
delta evolution, but the direction of littoral drift along Sottomarina.  
•  Overall, the mass balance of sand in the Chioggia Inlet was found to be 
dominated  by  littoral  drift,  with  the  input  from  the  Southern  Basin 
accounting for only 5% of the total sand budget of the inlet. 
•  It is suggested that even though the budget of sand in the Southern Basin is 
still negative, a small import of sand is starting to take place through the 
inlet. 
7.1 Recommendations for Future Research 
•  The  net  and  gross  loss  of  sediment  from  the  Southern  Basin  has  been 
estimated, based upon volumetric analysis and modelling. These types of 
analyses,  although  very  useful,  do  not  permit  the  identification  of  the General Conclusions   
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pathways of sand transport within the basin; thus, the use of grain trend 
analysis following the approach of Gao and Collins (1994) is recommended, 
to identify the pathways of transport from the basin into the inlet. 
•  The net direction of transport through the inlet during storm conditions is 
known;  nevertheless,  further  measurements  of  transport  over  storm 
conditions, using the same methodology as in this work, are recommended, 
to assess the influence of storms on the magnitude of transport. 
•  It  is  recommended  that  the  input  through  Chioggia  Inlet  littoral  cell 
boundaries,  such  as  river  supply  and  renourishment  material  from  the 
Pellestrina defence scheme is better calculated, through discharge data and 
volumetric analysis for  longer  periods,  and  considered  within  the budget 
estimates. 
•  It  is  considered that modelling  the magnitude  and  position  of  the  vortex 
before contruction of the jetties, using the model SHYFEM, would aide in 
the understanding of the inlet’s evolution. 
•  Estimates of the lagoon sediment budget would benefit from the application 
of the model SBAS (Rosati and Kraus, 2001); this would permit the nesting 
of local budgets (inlet budgets) into regional ones (lagoon budget). 
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ABSTRACT 
This paper studies the geomorphology of Chioggia inlet and its surroundings in the 
light of long term morphological changes in southern Venice lagoon. Bathymetry surveys 
extending over two weeks of September 2005 and 2006 provided enough data to identify an 
ebb tidal delta protruding southeast of the inlet mouth. Comparison of the 2005-2006 mapped 
sea bed of outer Chioggia with a 1990 data set shows a growth trend of 50,000 m
3 of sand/yr. 
According to historical charts (Bondesan and Menghel, 2004) the ebb delta is a new feature 
of the shore face (about 70 years old) and is the product of the construction of jetties in the 
early 20
th century.  
Comparative bathymetry for the years of 1990 to 2000 shows that, with the exception 
of a small gain between 1970 and 1990, southern Venice Lagoon has eroded at a rate of 
155,000 m
3/yr. This sediment is likely to be contributing to the evolution of the ebb-tidal 
delta.  However,  another  possible  source  was  identified,  a  sub-aqueous  ebb  tidal  spit, 
protruding from the Sottomarina beach south of the inlet towards the delta. This spit is fed by 
northwards alongshore transport, and although there is a clear separation between the spit and 
the ebb tidal delta, some of the sand might be reaching the delta.  
This  study  will  the  provide  foundation  for  further  understanding  of  the  processes 
governing dispersal of sand in the area, and for a quantitative analysis, as described by Amos 
et al., (2007) and Amos et al., (2006).  
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1.  INTRODUCTION 
A significant part of the world’s inhabited coastlines is formed by sequences of tidal 
inlets  and  barrier  islands,  Tidal  inlets,  being  openings  that  connect  the  sea  and  coastal 
lagoons,  have  a  key  role  as  the  conduits  for  tidal  flow,  oxygenation  of  the  water  and 
exchange  of  organic  matter  and  sediment.  Coastal  lagoons  are  ‘buffer’  areas  of  great 
economic, social, and environmental importance. Their delicate balance is often affected by a 
growing human presence, which in Venice Lagoon has been manifested as river diversions, 
construction  of  coastal  protection  structures,  maintenance  dredging,  over  fishing, 
introduction of new animal species, and industrial-related pollution. 
The  survival  of  the  lagoon  ecosystem  is  only  assured  by  a  balance  between 
accumulation and erosion. The sediments of a lagoon are made up of organic or inorganic 
particles originating from the land or the atmosphere. The transport of sediments within a 
lagoon  can  occur  in  the  following  ways:  through  river  supply,  through  wave  motion,  or 
through tidal currents coming in and out of lagoon inlets. When the accumulation of solid Proceedings of the 32
nd IAHR Congress, Venice, Italy. JFK Student Paper Competition, 9 pp. 
material prevails, a lagoon tends to silt up, and turn to dry land. If the overall balance of 
sediments is negative, the evolutionary tendency which prevails is erosion and the lagoon 
tends to become a marine environment. This is the current tendency of the lagoon of Venice.  
Comparisons between bathymetry collected in 1930, 1970, 1990 and 2000, show that, 
with the exception of a small gain between 1970 and 1990, southern Venice Lagoon has 
eroded  at  a  rate  of  155,000  m
3/year.  Solidoro  et  al.,  (2004b)  obtained  the  same  results 
through modelling; concluding that Chioggia exports sediment under all conditions except 
Sirocco winds. A preliminary survey of outer Chioggia inlet showed that there is an ebb tidal 
delta (Amos et al., 2006). The potential export of sediment through the inlet is likely to be 
contributing to the evolution of the delta. On the other hand, Brambati et al., (1978) describes 
alongshore drift to confluence at the inlet, which might be another source of sediment for this 
feature. 
This paper studies the response of Chioggia inlet to long term morphological changes in 
southern  Venice  Lagoon.  A  flow  box  model  is  proposed  to  evaluate  sediment  transport 
pathways  and  net  volumes  which  will  provide  a  basis  for  quantitative  analysis.  For  the 
purposes  of  this  study,  we  will  limit  the  consideration  of  back  barrier  processes  to  the 
southern  lagoon.  Solidoro  et  al.  (2004)  used  the  previously  applied  and  calibrated  finite 
element model (SHYFEM) (Umgiesser, et al., 2004a, Umgiesser and Bergamasco, 1993) to 
partition the lagoon into four physically homogeneous areas to study internal circulation, 
providing validation for this type of sub-basin analysis. 
 
2.  STUDY SITE 
Venice  Lagoon  is  a  shallow  coastal  body 
which  connects  to  the  sea  through  three  inlets; 
Lido, Malamocco and Chioggia (Fig. 1). Most of 
the  lagoon’s  surface  is  covered  by  mudflats, 
restraining  tidal  flow  to  the  channels,  which 
generates strong currents. Chioggia inlet is located 
in the south-east end of Venice Lagoon. It is 500 
m  wide,  with  a  navigation  channel  artificially 
maintained to a mean depth of 8 m (Gačić et al., 
2004). 
 
2.1. Historic  development  of  Southern 
Venice Lagoon and Chioggia inlet 
Even  though  the  engineering  works  in 
Venice Lagoon can be traced back as far as the 
14
th  century  when  the  first  river  diversion 
commenced,  the  inlets  had  not  been  stabilised 
until     the    beginning    the    19th     century 
(www.salve.it). In fact, the lagoon originally had   
two    more   openings   to   the sea    than    it  has  
now. By the end of the 16
th century, as part of the other river diversion projects, the Brenta 
river outflow was moved from the central lagoon to the southern lagoon, near Chioggia. This 
new river channel slashed an area of the lagoon. This section became silted and prograded 
into the sea as part of the Adige River delta. It was only during the 1930’s that Chioggia inlet 
was stabilised through the construction of jetties. From that point onwards, the inlet’s natural 
Figure 1. Venice Lagoon and Chioggia inlet 
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equilibrium  has  continued  to  be  affected  by  periodical  maintenance  dredging,  and  more 
recently, the construction of a detached breakwater in front of the inlet.   
Mancero et al., (2006) used ADCP fixed to the bottom of the inlets to evaluate changes 
in the flow characteristics as a result of the construction of the barriers in the three inlets. 
They found that Chioggia inlet is still ebb dominant, with a mean monthly flow value ranging 
between 2 and 6 cm/s (outflow direction). They also concluded that a trend of increase in the 
flow fluctuational kinetic energy is observed starting from the barrier completion. 
 
3.  DATA COLLECTION AND ANALYSIS 
During 2005 and 2006 field campaigns, a total of 407 line km of single beam echo-
sounding bathymetry were collected. Slightly different methodologies were used at each field 
campaign due to limitations of the equipment. The first 267 line km of bathymetry were 
collected in 2005 with the help of a Lowrance which logged the position and time recorded 
by  a  Garmin  GPS.  Due  to  problems  with  the  Lowrance  depth  readings,  these  were 
alternatively obtained through a Fishfinder. A further 140 km of bathymetry were captured in 
2006 using the Lowrance coupled to Garmin GPS.  Both the Fishfinder and Lowrance logged 
the information as NMEA 0182 data strings at 1Hz in ASCII format. In addition, a single 
beam  digital  sidescan  from  Marine  Electronics  Ltd  (700  Hz)  was  used  to  record  seabed 
reflectivity along most of the bathymetry lines.  
Bathymetry data corresponding to both field campaigns were processed as one data set 
to  extract: time  (GMT);  coordinates  (latitude  and  longitude),  and  water  depth  (m).  Tidal 
corrections were made to standardise depths to local low water using the tidal predictor of 
Umgiesser (unpublished data, 2006). 
The survey covered the area between the breakwaters delimiting Chioggia inlet and the 
surrounding Adriatic, from the shores of Pellestrina in the north to the prodelta of the Adige 
River in the south (Fig. 2), and provided confirmation that the delta, as a structure is clearly 
delimited and contained within the extent of the lines carried out. It is possible to say that no 
significant features are observed in the bathymetry sea-wards of the delta. The complete data 
set (2005+2006), shown in Figure 2, will be used to define the volumetric growth of the delta 
between 1990 and the present.  
In order to have a basis for comparison, bathymetric data for the entire lagoon and three 
inlets were provided by CNR for the years 1930, 1970, 1990 and 2000. Unfortunately only 
1990 bathymetry data was provided for outer Chioggia. Bathymetry data analysis and map 
production was undertaken in ArcMap (ArcGIS9.0). Equally scaled grids of data points were 
interpolated  to  produce  calculated  surfaces.  Surfaces  were  superimposed  or  subtracted  to 
evaluate depth changes. Bed level changes were presented as colour coded surfaces, and as 
cut-fill figures with absolute values for gain and loss of volume.   
A total of 37 bottom sediment samples were collected using a small Van Veen grab in a 
1km space grid. The material collected was largely sandy in composition on the proximal 
part of the delta, but was muddy for the outermost samples. Further 8 beach samples were 
collected by hand at approximately 1km intervals along the Sottomarina beach. One river 
sample was obtained from the Brenta River, 2km upstream from the outflow, to provide 
mineralogical  control  for  provenance  studies.  Size  distribution  was  determined  by  wet 
sieving to separate the fines (<63µm), from the sand. The sand was then dried and weighted 
to determine fines content. 
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Figure 2. Survey lines collected off Chioggia inlet during 2005 and 2006 field campaigns. Yellow points 
represent samples sites.  
 
4.  RESULTS AND DISCUSSION 
4.1. Outer Chioggia 
In figure 3a we can see a colour coded image of the tidally-corrected calibrated depth of 
the nearshore region of Chioggia inlet. Warm colours (red) indicate shallower areas whilst 
cooler colours (blue) represent deeper parts. One morphological feature is evident in this 
figure,  an  asymmetrical  ebb  tidal  delta  situated  south  east  of  Chioggia  inlet  mouth  and 
extending 3.5 km seawards of the inlet. The delta presents a typical morphology according to 
tidal  inlet  morphodynamics  schemes  presented  by  Elias  and  Van  der  Spek  (2006).  It  is 
completely parallel with respect to the inlet, but shifted south. It does not present channel 
margin bars, and its position and form shows no response to the predominant direction of the 
littoral current. Erosion of up to 5m has occurred at the end of the jetties mostly on the north 
side.  Figure  3b  shows  that  erosion  in  that  area  is  much  localised.  The  delta  is  a  very 
important finding for various reasons; firstly because no detailed bathymetry survey had been 
carried out in this region, probably ignoring the amount of sediment activity taking place in 
the area; secondly, the existence of such a delta had not been recognised in literature before; 
and thirdly, because it seems to correspond with the reported behaviour of Lido inlet and its 
delta  by  Amos  et  al.  (2005)  and  Helsby  et  al.  (2006)  providing  basis  for  posterior 
comparative studies. 
The ebb tidal delta is composed largely of fine sand, with a sand percentage ranging 
from 78 to 98%. Surrounding areas of the delta present a higher content of fines, of up to 
50%.  
The results of the bathymetry comparison between 1990 and 2005 show up to 2 m of 
deposition in the ebb tidal delta and up to 4.5 m of deposition both sides of the breakwaters. 
Deposition  of  50,000  m
3/yr  has  been  estimated  for  the  delta.  The  delta  appears  to  have Proceedings of the 32
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migrated  northwards  for  a  few  hundred  metres,  but  maintaining  its  same  shape.  This  is 
evident when we observed where the proto-delta was located in 1990 and where it is now.  
 
   
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. (a) Chioggia delta and sub-aqueous spit and (b) comparison of bathymetry between 1990 and 2006 
(contours correspond to the 2006 bathymetry). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) cut-fill volume change analysis (1990-2006) and (b) contours of volume change (1990-2006) for 
the ebb tidal delta and the ebb spit area. 
 
The  accretion  observed  to  the  south  side  of  the  inlet  appears  to  be  an  ebb  spit 
‘connected’  to  the  delta  (Fig.  3b).  Further  analysis  shows  that  the  spit  is  actually  an 
individual  feature  that  might  be  supplying  sediment  to  the  delta  (Fig.  4b).  The  1  m  of 
deposition contour marked in light green is completely separated for the delta area and the 
prograding beach area. The same pattern is observed on the north side of the inlet, where 
accumulation next to the jetty reaches the end of the structure, suggesting by-passing from 
a 
a 
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the spit to towards the south. There are two depositional features visible at the seawards 
entrance of the inlet. It is likely that these are being fed by by-passing from the nearby spits. 
We propose that the ebb tidal delta deposited after construction of the breakwaters, which 
agrees with Basso et al., 2003 and Bondesan and Menghel, 2004, who present evidence that 
the delta had not formed before the construction of the jetties in the early 20
th century. A 
comparison  of  aerial  photographs  reveals  that  the  beach  of  Sottomarina  adjacent  to  the 
southern jetty has prograded seawards approximately 90 m in the last 10 years (CORILA, 
unpublished data, 2006). It is also possible to see an area of sediment loss of up to 7 m depth 
between the Brenta and Adige outflows. This area corresponds with records of dredging for 
beach renourishment material. 
 
 
 
4.2. Chioggia inlet 
 
 
 
 
 
 
 
 
   
 
 
 
 
 
   
 
 
 
 
 
 
Figure 6. Bathymetric comparisons of the inlet (a) 1930-1970, (b) 1970-1990, (c) 1990-2000, and (d) 2000-
2006. Red circles identify a depositional feature evident since 1990 and the black circle shows dredging marks. 
 
The inlet seems to respond in an inverse way to the major channels. Although the inlet 
channel always presents erosion, very possibly due to maintenance dredging, the sides of the 
inlet showed deposition when the tidal channels present erosion (1930-1970 and 1990-2000) 
and vice versa. The accumulation observed adjacent to the jetties during these two periods 
(Fig. 6a and 6c) does not seem to be the result of sediment coming from the sea because the 
ebb tidal delta and spit had not prograded to such an extent as to by-pass sediment into the 
inlet. Two features seem to be permanent within the inlet, the first is a scour hole found on 
the west end of the inlet, visible in the bathymetry surfaces produced for 1930, 1970, 1990, 
2000, and 2006, but not in the comparisons.  The second is a shallow spot near the east end 
a  b 
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of the inlet which becomes evident from the 1970’s, but seems to be even more important 
from 1990 (Fig. 6c and 6d marked with red circles). This feature is adjacent to the southern 
jetty and could be the result of by-pass from the delta and spit. Despite this apparent transport 
of material from the ebb and spit to the inlet mouth, there is no evidence that the sediment 
moves further in. 
Figure 6d shows two very distinctive deep areas (circled in black) next to one and other 
in a north-south position. These are not natural features, but the result of dredging works to 
place the MOSE flood barrier. Dredging was taking place at the time of the survey. 
 
4.3. Box model 
 
The formulation of the mass balance of sand in the Chioggia inlet system is defined in 
Figure 7. This balance may be subdivided into a series of sub-cells which operate within the 
coastal sediment transport cell in which the inlet is found. These sub-cells may be defined as: 
the Sottomarina shoreface (Qs); the ebb delta (Qed); the flood dominant part of the tidal inlet 
(Qf); the ebb-dominant  portion of the tidal inlet (Qe); and the Pellestrina shoreface (Qp). 
Further on this project we hope to evaluate: Qed; Qs; and Qe.  
The  total  sand  budget  of  Chioggia  inlet  may  be  defined  as  the  sum  of  Qs  and  the 
residual  flux  in  the  inlet  throat  (positive  if  seawards,  and  negative  if  into  the  lagoon).  
Measurements of the littoral sand transport rates (Qs and Qp) are strongly recommended in 
the next phase of research.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Mass balance of sand in Chioggia inlet (flow box model)                                           
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5.  CONCLUSIONS 
Using the bathymetry analysis, we have identified three features in Chioggia inlet and 
its surroundings: a) a sub-aqueous ebb spit south of Chioggia inlet, b) a sub-aqueous ebb spit 
north  of  Chioggia  inlet,  and  c)  an  asymmetrical  ebb  tidal  delta  situated  south-east  of 
Chioggia inlet mouth. 
Southern Venice Lagoon has a negative budget of sediment. It presented erosion from 
the 1930’s to the 1970’s, and then this trend was reversed, until the 1990’s when the lagoon 
began a highly erosional phase, resulting in erosion rates of up to 1,200,000 m
3/yr. However, 
the  overall  average  has  been  of  only  155,000  m
3/yr.  The  causes  for  the  accelerated  rate 
observed in past years might range from increased illegal clam fishing, which sets sediment 
in suspension and alters the consolidation of the bed, to maintenance dredging.  
We propose that this loss of sediment to the sea accounts for some of the material 
forming the ebb-tidal delta, which has accumulated up to 2 m of sediment since 1990. How 
much of this sediment is actually being fed into the delta, we still have to quantify. However, 
our results strongly agree with Solidoro et al., 2004, who state that Chioggia inlet has the 
potential to export sediment under all wind conditions except for Sirocco.  
Another possible source of material for the delta is littoral drift, which has formed two 
spits adjacent to the inlet jetties. Two rivers, the Adige and the Brenta are thought to be 
important sources of material for the littoral drift current, which has caused up to 90 m of 
accretion in the Sottomarina beach of since 1990. It is very likely thus, that some of this 
sediment is accounting for the 50,000m
3/yr of volume gain of the delta.  
The  results  presented  in  this  paper  are  expected  to  be  complemented  by  further 
sediment provenance studies of the samples collected to support or change the assumptions 
made.  
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abstract
Sand transport in Lido and Chioggia inlets was measured using modiﬁed Helley–Smith sand traps
equipped with 60-micron nets. The traps had an efﬁciency of about 4% only but provided enough
material for analysis. Very ﬁne sand (0.07<d<0.11 mm) only was collected in the traps. Transport of
sand was greatest in the bottom 10% of the water column and followed a Rouse proﬁle. Sand extended to
a height of about 4 m above the bed during peak ﬂows corresponding to the estimated thickness of the
boundary layer; and observed in synoptic ADCP proﬁles. The sand in the benthic boundary layer was
largely inorganic (>95%); above this layer, organic content varied widely and was greatest near the
surface. The movability number Ws=U* showed a linear relationship to dimensionless grain diameter
(D*): ðWs=U*Þ¼ð D*=10Þ; D*<10. Sand concentration in suspension was simulated by a mean Rouse
parameter of  2.01 0.66 (Lido inlet) and  0.82 0.27 (Chioggia inlet). The b parameter (Hill et al.,
1988) was correlated with D* and movability number in the form: b ¼ 2:07   2:03D* þ 59ðWs=U*Þ
2
(r2¼0.42). Von Karman’s constant was back-calculated from a Law of the Wall relationship as a test on
the accuracy of U* estimates; a mean value of 0.37 0.1 (compared to the accepted value of 0.41) suggest
U* was accurate to within 10%. The constant of proportionality (g¼3.54 10
 4) between reference
concentration (Ca) and normalized excess bed shear stress was in line with the published literature.
 2009 Elsevier Ltd. All rights reserved.
1. Introduction and background
Carbognin and Cecconi (1997) have deﬁned the annual sedi-
ment loss from Venice lagoon to be 1,000,000 m3, largely based
upon bathymetric changes to 1990. Subsequent surveys (2002 and
2006) suggest that losses may be greater than this value (Sfriso
et al., 2005; Dawson, 2007), whereas Sarretta et al. (in press)
and Defendi et al. (in press) estimated present-day losses of
400,000 m3. Measurements of the mass transport through the
three inlets of the lagoon are limited, and reliance has been placed
upon numerical simulations. Such simulations of the ﬁnes and sand
transport are usually conducted independently (see Garcia and
Parker,1991 for review). Whilst considerable effort and progress on
the transport of ﬁnes has been made (Neumeier et al., 2008), the
transport of sand within the inlets is less well known due to a lack
of measurements. The majority of sand in transport is in the very
ﬁne to ﬁne sand range (63<d<130 microns). The movement of
such sediment is contentious in the literature. Bagnold (1966) has
proposed that sand ﬁner than 125 microns in diameter moves
directly into suspension once the threshold for motion is exceeded.
However the threshold for suspension has been contested by
McCave (1984). In deriving his threshold criterion, Bagnold (1956,
1966) assumed suspension takes place when the still water settling
velocity of the sand (Ws) is 0.8 times the friction velocity
ðw0
rms ¼ Ws ¼ 0:8U*Þ. Using this reasoning, the suspension crite-
rion of Lane and Kalinske (1941) was deﬁned by the dimensionless
ratio ðWs=U*Þ¼1:25 (also termed the movability number by
Collins and Rigler,1982 and the inverse Rouse number by Lee et al.,
2004). Van Rijn (1984) and Nin ˇo et al. (2003) suggested a ratio of
2.5 under high Reynolds numbers. Komar and Clemens (1985)
suggested that the suspension criterion should be close to unity,
whereas Samaga et al. (1986) proposed a value of 2. Also, according
to Van Rijn (1993), the ratio of Ws/U* depends on the magnitude of
the dimensionless grain diameter, D* (Van Rijn,1981), and hence is
not always a constant:
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ry2
 0:333
d (1)
where y is the kinematic viscosity of seawater (0.8 10 6 m2/; CRC,
1976). Ws=U* is constant, when D*>10, and
Ws
U*
¼
D*
c
(2)
where c is a constant, and D*<10. Our initial evaluation shows that
Venetian sand typically falls in the range 1.5<D*<3.5. What then is
the appropriate value of c? Van Rijn (1993) suggests a value of 4, but
this means Ws=U* ¼ 2:5f o rD* 10, which is twice that proposed
by Bagnold (1966).W h i l eLee et al. (2004, their Fig. 5)s h o w st h i s
ratio to vary between 0.3 and 5 which is close to the range proposed
by Komar and Clemens (1985) and Paphitis et al. (2001).
The ratio Ws/U* is central to the computation of the distribution
of sand in suspension through the Rouse parameter ðWs=bkU*Þ as
well as to the computation of the appropriate threshold Shields
parameter for suspension. Robust predictions of sand transport are
not possible unless this ratio is accurately deﬁned. Fortunately, we
can deﬁne it for the case of two inlets of Venice lagoon. The purpose
of this paper is to evaluate the suspension criterion and the Rouse
parameter based upon measurements of sand transport in Lido and
Chioggia inlets made during September 2006.
Seabed mounted, upward-looking, ﬁxed ADCPs have been
installed in each of the three tidal inlets of Venice lagoon and
continue to operate (Gac ˇic et al., 2004). These installations monitor
the net residual sediment transport through the inlets. An objective
of the work was to provide information on sand transport within
the lower 2 m of the water column; the region not detected by the
sensors.
2. The study region and study context
Venice lagoon is a microtidal estuary situated in the northern
Adriatic Sea. It has a spring tidal range of 1 m and is ventilated
through three tidal inlets: Lido, Malamocco, and Chioggia
(Umgiesser, 2000; Umgiesser et al., 2004). The results reported
hereincamefromtheinletsofLidoandChioggia,showninFig.1.Th e
physical and biological attributes of the lagoon have been compiled
by Guerzoni and Tagliapietra (2006). Notably, ebb tidal deltas have
been found in bathymetric surveys off the Lido and Chioggia inlets.
The volumetric change based on surveys of Lido delta carried out in
1990 and 2006 is order 3 106 m3/a. Samples of the ebb delta show
ittobecomposedofﬁneandveryﬁnesand;similartomaterialinthe
adjacent lagoon (Umgiesser et al., 2005, 2006). A comparison of
aerial photographs of the beach at Cavallino (north of the inlet)
indicates progradation of 120 m in the last 10 years, and by-passing
of sand around the northern breakwater and into Lido inlet. As well,
modelling by Umgiesser et al. (2006) and Tambroni and Seminara
(2006)suggestsanexportofsandfromthelagoonthroughtheinlets
by erosion of the major tidal channels. This notwithstanding, recent
work on the sand budgetof this inlet (Helsby, 2008) suggest that the
sources of sand to the delta are ambiguous.
The estimated accretion off Chioggia inlet is 50,000 m3/a (Villa-
toro et al., in press); bottom samples show that most of this
material is also ﬁne and very ﬁne sand. A comparison of aerial
photographs reveals that the beach adjacent to the southern
breakwater has prograded seawards approximately 90 m in the last
10 years (CORILA, Unpublished Data, 2006). Brambati and Venzo
(1967) and Brambati et al. (1978) show a northward transport of
sand towards Chioggia inlet which could explain in part the origin
of the sand. However, there appears to be considerable accumula-
tion north of Chioggia inlet diagnostic of a southerlysand transport,
Notation
a reference height of Rouse concentration (L)
B benthic sand trap sample
Ca concentration of sand at reference height (ML
 3)
Cb volumetric concentration of bed (0.65)
Cd drag coefﬁcient
Cd,z drag coefﬁcient evaluated for ﬂow at height z
Cz sand concentration of height z (ML
 3)
Cmass mass of sand in calibration trap (M)
D* dimensionless grain diameter
d mean grain diameter (L)
h water depth (L)
Kmo eddy diffusion coefﬁcient for momentum
Ks eddy diffusion coefﬁcient for sand
m slope of sand concentration gradient
E epi-benthic sand trap sample
M water column sand trap sample (0.3 h)
Qs sand discharge (ML
 1)
R Rouse parameter
Re Reynolds number
S surface sand trap sample
Smass mass of sand in surface trap (M)
U horizontal ﬂow velocity (LT
 1)
U mean horizontal ﬂow velocity (LT
 1)
Uz horizontal ﬂow velocity at height z (LT
 1)
Ucrit critical horizontal ﬂow velocity (LT
 1)
Ucrit,bed critical horizontal ﬂow velocity for bedload transport
(LT
 1)
Ucrit,susp critical horizontal ﬂow velocity for suspension (LT
 1)
U* friction velocity (LT
 1)
V water volume sampled by sediment traps (L
3)
Ws still water particle settling velocity (LT
 1)
w0
up mean amplitude of upward-directed component of
turbulent ﬂow (LT
 1)
w0
rms root-mean-square amplitude of vertical component of
turbulent ﬂow (LT
 1)
z height above bed (L)
zo roughness length (L)
Zr relative height above bed
a coefﬁcient of proportionality from Gadd et al. (1978)
b ratio of eddy viscosity of momentum to sediment
g coefﬁcient of proportionality from Owen (1964)
q Shields parameter
qcrit,susp critical Shields parameter for suspension
k von Karman’s constant
n kinematic viscosity of seawater (L
2T
 1)
r density of seawater (ML
 3)
rs density of sediment (ML
 3)
so bed shear stress (MLT
 2)
scrit,susp critical bed shear stress for suspension (MLT
 2)
c coefﬁcient of proportionality of the movability number
for D*<10
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lagoon.
3. Methodology and data collection
An extensive ﬁeld survey was undertaken during September,
2006. This work was broken down into three linked activities
designed to meet the stated objectives of CORILA (2005). Much of
the work undertaken to date is presented in a series of reports
(Amos et al., 2005, 2006; Helsby et al., 2005). Measurements of
sand transport were made within the inlets of Chioggia and Lido:
those made in Chioggia inlet were near the ﬁxed ADCP location
(45  13.8790,12   17.9200 described by Gac ˇic et al., 2004) on the 11th
and 12th September, 2006 in w10 m of water (star in Fig. 1). Two
modiﬁed Helley–Smith sand traps (Helley and Smith, 1971) and
a surface sampler (all equipped with 60-micron mesh sizes) were
deployed synchronously from the boat Corila for periods of 20 min
duration, resulting in 12 (hourly) proﬁles (Table 1). Two Helley–
Smith samplers sat on the bed in benthic (bedload, 0<z<0.12 m)
and epi-benthic (0.21<z<0.33 m) modes. A third sampler was
ﬁxed to the vessel near the surface. The samples covered a wide
rangeof current velocitiesover both the ﬂood and ebb phases of the
tide. Analyses undertaken of the trapped samples include the mass
concentration, the organic content through loss on ignition (LOI),
the grain size distribution, and the still water particle settling rate.
The Lido inlet survey was carried out between 19th and 21st
September, 2006. It was a combined exercise between three vessels
of CNR-ISMAR: Litus (anchored at 45  13.8790,1 2   17.9200 and
designated ‘‘L’’ in Fig. 1), a Boston Whaler launch (anchored at 45 
25.5430;1 2   25.8570 and designated ‘‘MF’’ in Fig.1), and the Henetus
which performed traverses hourly across the inlet and passed
through the two anchor sites. The Litus was anchored in 3.5 m of
water within the vicinity of the site occupied in 2005 (Amos et al.,
2006). The seabed at the site is dominated by well-sorted ﬁne sand
(d¼0.183 mm). A tripod was deployed within 50 m of the anchor
site with a self-recording Valeport 802 and LISST-100X. The Vale-
port burst-sampled 2 orthogonal components of the horizontal
ﬂow at 4 Hz for 5 min each 30 min at a height (z) above the bed of
0.14 m: hydrostatic pressure and backscatter (using an Optical
Backscatter Sensor – OBS) were also logged at a height of 0.45 m
using the same sampling protocol. The LISST-100X recorded
(z¼0.45 m) at 1-min intervals the volumetric concentration and
the grain size spectra of suspended particulate matter between 2
and 250 microns in diameter, from which the mean diameter and
sorting were derived. The operation aboard Litus took place on an
hourly cycle. The cycle began with the deployment of a Nortek

ADV mounted on a frame that was lowered to the bed. The
sampling volume of the ADV was 0.34 m above the bed; 3
orthogonal components of the ﬂow were measured in this volume
at 25 Hz for 5 min. The ADV time-series were used to derive the
friction velocity (U*) and the Rouse parameter. The bed shear stress
(so) was determined using the Turbulent Kinetic Energy (TKE)
method, where E ¼ð 1=2Þrðu02 þ v02 þ w02Þ, where so ¼ 0:19E
(Soulsby, 1983; Stapleton and Huntley, 1995; Thompson et al.,
2003), and where U* ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
so=r
p
. The mean velocities at mid-heights
of the benthic and epi-benthic trap sampling mouths were esti-
mated by re-evaluating the measured mean ﬂow speed ðUzÞ, from
the Valeport 802, through application of Law of the Wall. Surface
current velocity was derived from the traversing ADCP aboard
Table 1
Summary of the ADV measurements of velocity (z¼0.34 m), derivations of friction velocity (U*), and root-mean-square magnitude of the vertical turbulent ﬂuctuations ðw0
rmsÞ
in Lido inlet. The sand trap concentrations (S Zr¼1; M Zr¼0.30; OBS Zr¼0.13; E Zr¼0.07; B Zr¼0.017, where Zr is relative height above the bed) and sedimentation
diameter (microns). The OBS concentrations were derived from calibration of the Valeport OBS. Von Karman’s constant (k) and the drag coefﬁcient (Z¼0.34 m) was evaluated
by inverting Law of the Wall and conﬁrming Z0 from ADCP velocity proﬁles at the site (Z0¼ 0.02 m, after Sternberg, 1972).
Date/time (UT) Proﬁle # U0.34
(m/s)
U*
(m/s)
w
0
(m/s)
Sand concentration (mg/L) (sedimentation diameter, microns) Karman von
constant k
Cd Rouse parameter
(1/m)
SM OBS EB
19 Sept. 10:02 (1) 0.175 0.012 0.024 0.13 1.8 5.0 12.3 1309 0.36 0.0047  2.19
19 Sept. 11:03 (2) 0.343 0.026 0.049 2.5 (72) 18.1 38.5 247 (80) 540 (81) 0.40 0.0057  1.45
19 Sept. 12:02 (3) 0.401 0.020 0.027 2.5 (71) 47.8 81.0 152 (82) 201 (81) 0.26 0.0024  1.36
19 Sept. 13:02 (4) 0.283 0.019 0.023 0.99 (66) 48.0 65.0 35.9 (73) 125 (87) 0.35 0.0045  1.56
19 Sept. 14:02 (5) 0.135 0.010 0.010 0.12 (57) 29.5 76 4.19 (93) 65 (92) 0.40 0.0055  2.41
20 Sept. 10:20 (6) 0.178 0.014 0.019 0.07 23 1.0 18.9 (91) 1018 (105) 0.47 0.0062  2.71
20 Sept. 11:13 (7) 0.293 0.025 0.020 0.01 25 3.2 57.6 (87) 84 (88) 0.52 0.0073  2.88
20 Sept. 12:08 (8) 0.391 0.018 0.024 4.1 30.6 61.0 121.0 (80) 171 (82) 0.23 0.0021  1.08
20 Sept. 13:10 (9) 0.352 0.030 0.025 1.9 58.8 68 19.9 (74) 26 (75) 0.51 0.0072  1.54
20 Sept. 14:08 (10) 0.224 0.011 0.018 0.05 43.4 47.0 2.4 13 (94) 0.23 0.0024  2.99
21 Sept. 08:25 (11) 0.430 0.024 0.028 0.03 4.6 32.6 94.8 (88) 182 (92) 0.30 0.0031  2.58
21 Sept. 09:19 (12) 0.430 0.020 0.027 1.13 (93) 0.4 8.6 1.2 26 (93) 0.45 0.0022  1.36
Fig. 1. (A) Venice lagoon, showing the two tidal inlets occupied and described in this
study. L is the Litus anchor site, and MF is the launch anchor site. The star in Chioggia
inlet is the anchor site of Litus.
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epi-benthic(E) modes.The maximumpotential sample volumes (V)
of the sand traps were evaluated using the equation:
V ¼ 0:0144Uzt, where t is sampling time. The traps were washed
into cod-ends upon recovery and then through 63-micron wet-
sieves. Samples were retained for washing in fresh water and dried
for the determination of total sample weight and loss on ignition
(LOI at 380  C for 4 h). The efﬁciency of the traps was determined
by collecting about 400 l of surface water from the free stream (in
buckets) and treating them in the same fashion as the sand trap
samples to derive surface calibration mass concentration (Cmass).
This was related to corresponding surface sand trap concentration
(Smass) through the linear best-ﬁt regression: Smass ¼ 0:0361Cmass,
r2¼0.87. The relationship is signiﬁcant (n¼11; p<0.00001) with
conﬁdence limits (95%) of  0.1 mg/L. The scatter in the trend
demonstrates that the efﬁciency of the traps (Ef) varies over the
limits 3.5>Ef>4%. This compares quite well with the efﬁciency of
plankton trawl nets of the same mesh size (7%; Reyet al.,1987). The
ﬁnal concentrations of sand are presented in Tables 1 and 2. These
concentrations are the (mean) efﬁciency-corrected inorganic part.
The Boston Whaler was moored in w12 m of water. The sand trap
(M in Table 1) was ﬂown at a height of 3 m above bed for 20 min
each hour. The samples were collected in phase and were treated
and corrected as those of the Litus. The Henetus undertook an
hourly cycle of activities also in phase with those of the Boston
Whaler and Litus. This cycle comprised a transect across Lido inlet
with an RD Instruments ADCP Workhorse (600 kHz) that passed
through the northern and southern anchor sites and logged current
velocity and backscatter at 0.5 m depth intervals. The velocity data
were used to determine sample volume in the M and surface traps;
the backscatter was used to map the distribution of suspended
sediment at this site (Hill et al., 2003; Arena et al., 2005). A Seabird
CTD proﬁle of the water column was made hourly. Niskin bottle
(1 L) water samples were also collected at three depths: 2 m, 10 m,
and 12/12.5 m. The Niskin samples were ﬁltered through Milli-
pore
 GFC ﬁlters for suspended particulate matter (SPM). A fuller
description of all activities is provided by Amos et al. (2008).
The application of the Rouse proﬁle to the distribution of sand
through a benthic boundarylayer is summarized by Van Rijn (1993)
and Dyer (1986). In its simplest form, it is expressed as:
Cz ¼ Ca
  z
h   a
  R
(3)
where Cz is the sand concentration at height z above the bed, h is
the total water depth, Ca is the reference concentration at height
a (immediately above the saltation layer), R is the Rouse parameter
or suspension number: Ws=bkU* where Ws is the still water settling
rate of the suspended sand, b is a coefﬁcient relating ﬂow and
particle eddy diffusivity (b ¼ 1 þð Ws=U*Þ
2; b¼1, Van Rijn, 1981)
and k is von Karman’s constant¼0.41.
The best ﬁt of the measurements of sand concentration in the
water column of the two inlets can be expressed by the function:
log10ðZrÞ¼m log10ðCÞþb
Cz ¼ Z
1=m
r   10 ðb=mÞ (4)
where the exponent 1/m is equated with the suspension number R,
and Zr is the relative height above the bed ðz=h   aÞ, a is the
reference height (deﬁned as 0.02 m on the basis of arguments of
Hill etal.,1988), and 10 (b/m) isthe reference concentration at Zr¼1.
4. Results and interpretations
4.1. Lido inlet
A range in ﬂow speeds were sampled for bedload transport,
sand distribution in the boundary layer, and associated ﬂow
conditions. A time-series of results from 19th September, 2006 is
shown in Fig. 2. The time of sand trap proﬁles is shown in Fig. 2A
(vertical black lines). Also shown are the current velocity
measurements from the Valeport EMCM (z¼0.14 m) and Nortek
Acoustic Doppler Velocimeter (ADV, z¼0.34 m). This ﬂow pattern,
evident in all time-series, is associated with transport of very ﬁne
sand in the near-bed region (Fig. 2B). The concentration, up to
1300 mg/L, shows a gradient in the vertical. The transport appears
above ﬂows of w0.20 m/s and shows mixing of sand to the surface
at peak ﬂows. An asymmetry in transport is evident over the ebb
tide (Fig. 2C); it is higher on the accelerating phase than on the
decelerating phase. The pattern of the ‘‘suspension cloud’’ is very
similar tothat presented by Sousbyet al. (1994) for sand suspended
in a tidal estuary in Devon, UK. The peak concentration coincides
with peak ﬂows, and is situated within the bottom 0.5 m of the
water column. Regression of bed transport rate against U0.34 was
used to deﬁne the traction threshold for ﬁne sand (0.15 m/s).
The LISST-100X yielded data on volume concentration, grain
size, and sorting at 1-min intervals at z¼0.45 m and for the
duration of deployments at Lido north. A time-series of results for
19th September is shown in Fig. 2C. Note that volume concentra-
tion increases rapidly when the ﬂow (U0.34)>0.15 m/s. The peak in
concentration is coincident with the peak in ﬂow, and also with the
peak in sand transport sampled by the Helley–Smith traps. The
asymmetry in concentration evident in the ﬁnes concentration is
also apparent here; that is, the concentration at low water is higher
than at high water.
Table 2
A summaryof measurementsmade in Chioggia inlet, September, 2006.The dateand time (UT) of the startof each deployment cycle and the concentrationof sand trap samples
(B – benthic, Zr¼0.028; E – epi-benthic, Zr¼0.33; S – surface, Zr¼1). The mean current speed (0.5 m above the bed) and the friction velocity (U*) are provided from the model
SHYFEM (Umgiesser, 2000). The best-ﬁt Rouse parameter (1/m) is also given and is based on the sand concentration vertical proﬁles. The grey regions (proﬁles 4–7) denote
ﬂooding stages of the tide.
Date/time (proﬁle) Mass concentration (mg/L) U0.5
(m/s)
U*
(m/s)
Sedimentation diameter (microns) Rouse parameter 1/m
SEB S E B
11 Sept. 13:11 (3) – 1.81 9.92 0.92 0.059 – 105 165  0.72
11 Sept. 07:29 (4) 0.19 1.67 25.37 0.70 0.045 80 93 160  0.55
11 Sept. 08:02 (5) 0.21 1.86 – 0.70 0.045 98 130 –  0.55
12 Sept. 08:38 (6) 0.13 1 1.05 0.64 0.041 98 98 100  0.55
12 Sept. 09:15 (7) 0.1 1.62 1.96 0.48 0.031 110 86 99  0.66
12 Sept. 11:47 (8) 0.04 0.11 3.59 0.49 0.032 92 130 135  1.11
12 Sept. 12:20 (9) 0.22 1.12 2.86 0.59 0.038 86 115 115  0.99
12 Sept. 13:26 (11) – 2.18 8.22 0.74 0.048 – 150 130  0.88
12 Sept. 14:01 (12) – 1.01 8.2 0.79 0.051 – 115 170  1.38
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bottom samples (sand) from the deployment site; it shows trends
of the sand transport and is less sensitive to ﬁnes. Note that the
overall trend (Fig. 2C) is similar to that of the LISST-100X. The mean
grain diameter (d) detected by LISST-100X (solid line; Fig. 2C)
corresponds well with that measured from the settling column
analysis of Helley–Smith samples. A divergence between labora-
tory- and ﬁeld-measured diameters was onlyevident at high water.
A variation of 80>d>125 microns was found in the near-bed
suspended sediment load. This corresponds very well to the
material collected in the sand traps, and shows that the sand
transport is dominated by very ﬁne and ﬁne sand. Also, water
samples pumped upstream of the sand traps (Villatoro et al., in
press) collected sand similar in size to that collected by the sand
traps. Histograms of the sediment sorting (s) appears to be steady
(70 microns) for most of the deployments; that is, moderately
sorted (Folk, 1968).
At peak ﬂows the boundary layer thickness (d) has been
estimated using the Schlichting equation deﬁned by Komar
(1976):
d ¼ 0:38L
  y
UL
 0:2
(5)
Fig. 2. A time-series of measurements made aboard Litus on 19 September, 2006. (A) The current velocities recorded by ADV and Valeport sensors and the periods of sand trap
deployments (solid lines indicate start times); (B) the tidal elevation (predicted (line) and observed (dots)) and the sand concentration through the water column measured by the
Helley–Smith sand traps; and (C) mass concentration of sediment and grain size statistics recorded by the LISST and the Valeport (OBS).
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distance from the station to the mouth of the inlet (w500 m); using
these values the benthic boundary was estimated to be about 4 m
thick; our results appear to conﬁrm this approximation. This is an
important ﬁnding in relation to the prediction of sand transport, as
relationships derived at the Litus site may only be applied to this
region above the bed.
The ﬁnes concentration (measured at the MF site) also peaked in
the lowest part of the water column and at peak tidal ﬂow though
concentrations were low (<10 mg/L, Table 1). There appears to be
mixing of ﬁnes (and breakdown in stratiﬁcation) from the bed to
the surface over the accelerating phase of the ebb tide, diagnostic of
resuspension rather than advection. Though settling on the decel-
erating late ebb is evident, the ﬁnes content was higher at low
water than at high water. The peak sand concentration was three
orders of magnitude higher than the ﬁnes concentrations; the ratio
of ﬁnes to sand varied over three orders of magnitude throughout
the tidal cycle.
The 12 proﬁles undertaken showed decreases in concentration
with height above the bed which have been ﬁtted with best-ﬁt
regressionlines. These are illustrated on a log–log plot (Fig. 3A). The
correlation is based on the samples from the Litus, from the sand
calibration of the Valeport OBS (after Black and Rosenberg, 1994),
and from the CNR launch. The LISST data from the Litus site were
not used due to concerns over accuracy expressed by Mikkelsen
et al. (2005). The slope of the best-ﬁt line has been used to derive
(ina statistical fashion)the Rouse suspension number(R). These are
listed in Table 1 (n in each case is 5).
In the simplest form R¼ 1/m, where m is the slope of the best-
ﬁt lines. Highest correlations are associated with the strongest ﬂow
when a ‘‘Roussian’’ distribution of sand occurs in the water column.
The mean value of 1/m¼ 2.01 0.66 which is greater in magni-
tude than the value proposed by Van Rijn (1993; R¼0.5) for ﬁne
sand. This indicates that the sand moves close to the bed and is not
well mixed throughout the water column. Deﬁning the variable
b (see later) and setting k¼0.41, we have derived mean values of
ðWs=U*Þ¼0:36   0:19 for the ﬂood tide and 0.35 0.05 for the
ebb tide (Table 3, Method 2): that is, sand is transported similarly
through the water column on both stages of the tide. (Note that it is
not possible to discriminate the movability number for each trap as
the concentration slope is derived from all in combination.)
The sand transport rate has been correlated with the excess tidal
ﬂow velocity after Gadd et al. (1978) through the empirical
function:
Qs ¼
a
rs
 
Uz   Uz;crit
 3 (6)
where a is an empirical function related to grain size, z is the
measurements height (0.34 m), and rs is sediment density
(2650 kg/m3).The best ﬁt of the bedload (tractionþsaltation)
transport rate (Qs) derived from the bed trap (B) and the excess
velocity showed a power function slightly lower than that of Gadd
et al.:
Qs ¼ 0:16
 
U0:34   U0:34;crit;bed
 2:20 kg=m=s
 
r2 ¼ 0:54
 
(7)
The ratio a=rs has quoted values for ﬁne sand (d50¼ 0.18 mm)
from 1.73 (Bagnold,1963) to 7.22 (Gadd et al.,1978) in S.I. units. The
coefﬁcient for Lido inlet is well below the values proposed by Gadd
et al. (1978) which was derived for ﬁne sand transport on a wave-
dominated, energetic continental shelf. The traction threshold
(Uz,crit, bed) was determined by regressing U versus Qs and evalu-
ating Ucrit as Qs/zero. The threshold for very ﬁne sand was
evaluated at 0.15 m/s (U*crit¼1.7  10 2 m/s). A suspension
threshold (Ucrit,susp) was deﬁned by regressing the concentration
from the epi-benthic trap against ADV velocity (U0.34); this
threshold was also 0.15 m/s.
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Fig. 3. The sand concentrations measured with the modiﬁed Helley–Smith sand traps
at (A) Lido inlet, and (B) Chioggia inlet. The relative height is normalized to total water
depth. The numbers on lines refer to the respective proﬁle. The shaded regions are
those parts of the water column not detected by the ﬁxed ADCP’s described in the text.
Table 3
Five methods used to estimate the inverse movability number ðWs=U*Þ for Lido and
Chioggia inlets, and the laboratory measurements from Blair (2007). Method (1) is
based upon the assumptions of Bagnold (1966) applied to turbulence (ADV)
measurements made in Lido inlet; method (2) is based upon the slopes of the best
ﬁts of the sand concentration proﬁles for ﬂood (F) and ebb phases of the tide;
method (3) is based upon direct measurements of Ws of trapped sand (B –benthic; E
– epi-benthic; S – surface) and U* values derived from measurements within the
benthic boundary layer; method (4) is based upon extrapolating the results from
method (3) to the suspension threshold condition; and method (5) is derived from
the model and best ﬁt shown in Fig. 4.
Method Chioggia inlet Lido inlet
1 – 1.32
2 (F) 0.24 0.05 (F) 0.36  0.19
(EBB) 0.41 0.05 (EBB) 0.35  0.05
3 (B) 0.31 0.06 (B) 0.63 0.66
(E) 0.28 0.06 (E) 0.36 0.18
(S) 0.21  0.07 (S) 0.27 0.06
4 – (B) 0.39 0.06
(E) 0.39 0.06
(S) 0.39 0.06
5 (B) 0.30 0.03 (B) –
(E) 0.26 0.04 (E) –
(S) 0.26  0.03 (S) 0.20 0.03
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The majority of samples were dominated by macrophytes and
sea grasses. Inorganic sand was present, but mostly in the lower
traps and only during peak ﬂows. The sand was largely very ﬁne. A
threshold for transport in suspension has been derived by extrap-
olating the sand transport rate (Qs) versus current velocity (U3 at
z¼3 m, i.e. the mean ﬂow depth) to zero. A threshold of
U3,crit¼0.20 m/s (U*,crit¼1.1  10 2 m/s) was derived. The best-ﬁt
value of the ratio a=rs for Chioggia is 0.06, which is an order of
magnitude lower than Lido inlet.
The approximation of the Rouse proﬁle is valid only when the
sediment is largely transported close to the bed. This is true for
Chioggia inlet where the near-bed concentrations are 2–3 orders of
magnitudelarger than thesurface concentrations. Fig.3B showsthe
slopes in the concentration proﬁles. The Rouse exponent (1/m)w a s
derived from best-ﬁt lines (Table 2). The best-ﬁt lines are shown
only for proﬁles with 3 data points. The mean value of 1/
m¼ 0.82 0.27. The values are consistently lower on the ﬂood
tide ( 0.58 0.05) than for the ebb tide ( 1.02 0.22). The infer-
ence of this is that sand moves close to the bed on the ebb tide
whereas it is more evenly mixed throughout the column on the
ﬂood tide. According to Van Rijn (1993), these values of 1/m mean
that the sand should be mixed throughout the boundary layer.
The sand samples have been sieved for grain size; the median
size of the sand varies between 102<d<165 microns. The
majority of the samples fall within the very ﬁne sand range and are
well to moderately well sorted. The coarsest material was sampled
in the benthic trap and the ﬁnest in the surface one. The diameter
was converted to fall velocity (after Soulsby, 1997) to examine the
relationship Ws=U*, which is treated below.
5. Discussion
5.1. An evaluation of the movability number of
Collins and Rigler (1982)
With reference to Lido inlet, an independent method was
adopted to derive R by measurement of the still water settling rate
(Ws) of the sand collected by the traps, direct measurement of U*,
and through setting von Karman’s constant, k¼0.41 and using
b estimates discussed below. Mean Ws decreased with height above
the bed (B¼1.1  10 2 m/s; M¼6.3 10 3 m/s; S¼4.4 10 3 m/s)
similar to the measurements in a surf zone of Black and Rosenberg
(1994) and on the Scotian shelf by Li and Amos (1999). This
corresponds to mean diameters of respectively d¼88 microns,
82 microns, and 72 microns which are all within the very ﬁne sand
size classiﬁcation. For the bed trap, Ws showed an inverse rela-
tionship to U*, whilst the epi-benthic and surface traps showed no
trends. The overall mean value of Ws/U* was B¼0.63 0.66,
E¼0.36 0.18, and S¼0.27 0.06 (see Table 3, Method 3). There
was, however, considerable scatter about the mean value. Note that
the ratio drops with height above the bed due to ﬁner grain sizes in
suspension (and lower values of Ws).
The value of c (equation (2)) is reported by Van Rijn (1993) as 4,
whereas laboratory experiments with a range of ﬁne and very ﬁne
sands (Roe, 2007) suggest it is closer to 10. As sand trapped in Lido
inlet ranges in size 1.63<D*<2.69, theory would suggest that the
ratio Ws/U* should be proportional to D*. Results from Lido and
Chioggia are plotted in Fig. 4. Note that the Chioggia data appear to
fall on a line of ðWs=U*Þ¼ð D*=10Þ whereas the Lido data show
scatterabovetheline.Giventherestricted natureofD*fromthetwo
inlets, laboratory analyses on materials over a much wider range of
sizes has been added (Ridley, 2004; Blair, 2007; Roe, 2007). These
laboratorydataconformtoc ¼ 10and showa positiverelationship
of themovabilitynumbertoD*.Notethatthelineartrendisclearfor
D*<10. Above the upper limit, the movability number should be
constant. Results of Blair (2007) and Ridley (2004) suggest that this
may be true. Setting the threshold D*¼10, our data yields
ðWs=U*Þ¼1. Note that our data are for conditions of active trans-
port, and do not necessarily correspond to threshold (suspension)
conditions. The data from Ridley (2004), Roe (2007) and Blair
(2007) were evaluated at U*¼U*,crit; that is, for suspension
threshold conditions where, by deﬁnition, the balance between
upward and downward motion is known. The trend of the Lido data
set suggests a limited supply of ever-coarser sediment to ‘‘seed’’ the
water column as ﬂows increase in intensity; by contrast, the trends
for Chioggia suggest that a range in sediment sizes is available for
suspension.AlimitationtotheaboveisthatU* forLidostraddles the
suspension threshold, whereas Chioggia is signiﬁcantly above it
(see Fig. 5). Ws=U* shows an inverse relationship to friction velocity
in the form ðWs=U*Þ¼4:29   10 3U 1:09
* (r2¼0.67) and the best-
ﬁtlineisvalidforallthreetrapheights.Theratiohasbeensolvedfor
U*,crit,susp yielding a value of 0.39 (Table 3, method 4); this trend is
the same for all three traps. As no regression is possible for the
Chioggia data a solution at threshold cannot be deﬁned. The
divergence ofour results fromthatofBagnold(1966)isnotable, and
may come from assumptions implicit in Bagnold’s original publi-
cation. The impact of these is discussed in the next section.
5.2. An assessment of the relevance of Bagnold’s (1966)
assumptions – Lido inlet
The derivation of the movability number by Bagnold (1966) was
based on three assumptions: (1) suspension takes place when the
still water settling velocity of the sand (Ws) is equal to the magni-
tude of the upward-directed turbulent ﬂuctuation (w
0
up); (2) that
w
0
up is equal to 1.56 times the root-mean-square vertical turbulent
ﬂuctuations ðw0
up ¼ 1:56w0
rmsÞ; and (3) that the rms vertical
D*
11 0
W
s
/
U
*
0.1
1
10
Roe (2007) natural beach sand 
epi-benthic, Venice lagoon, Lido (2006)
benthic Venice lagoon, Lido (2006)
surface, Venice lagoon, Lido (2006)
Benthic, Chioggia (2006)
Epi-benthic traps, Chioggia (2006)
Surface traps, Chioggia (2006)
Blair (2007) Jamaica beach carbonate sand 
Blair (2007) Jamaica beach quartz sand 
Ridley (2004) natural sand 
10
*
*
D
U
ws =
Fig. 4. The (inverse) movability number (Ws=U*) derived by measurements (i.e.
method 3) plotted against the dimensionless grain diameter (D*) for each sand trap
sample. Notice that Chioggia samples fall on the line deﬁned by D*=10; only surface
samples from Lido ﬁt this relationship.
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ðw0
rms ¼ 0:8U*Þ. Accepting, for the moment, assumption (1), we
may test assumption (2) through a comparison of the mean w0
upand
w0
rms extracted from the 12-hourly ADV time-series. The results for
all time-series are shown in Fig. 6A. Note there is a strongly posi-
tive, linear relationship yielding w0
up ¼ 1:0w0
rms (r2¼0.99), which
is consistent from day to day. This is less than the value suggested
by Bagnold (1966). We may also test the validity of assumption (3)
having determined independently U* (see Table 1). The results for
the three survey days appear consistent and signiﬁcant, showing
a positive correlation between w
0
up and U* in the form:
w0
up ¼ 1:32U* (r2¼0.95). Thus we have:
ðWs=U*Þ¼ð w0
up=U*Þ¼1:32. The results are summarized in Table
3 (Method 1). This solution is close to that proposed by Bagnold
(1966), yet it is not consistent with our direct measurements. The
divergence in results may be due to the evaluation of U* which
makes fundamental assumptions about the ﬂow. These assump-
tions are evaluated in the following sections.
5.3. The effect of suspended sand on von Karman’s
constant (Lido inlet)
It is usual to set von Karman’s constant (k) to 0.41 irrespective of
suspended concentration. Gust and Walgner (1976) and Li and Gust
(2000) measured a 70% reduction in bed drag force (friction
velocity) under turbid (kaolinite) ﬂows compared to clear water
equivalents. Given that the vertical transfer of momentum through
the logarithmic (lower) part of the benthic boundary layer is
proportional to the ratio k=U*, we have evaluated k from the hourly
ADV time-series recorded at the Litus site at a height z¼0.34 m by
inversion of the Law of the Wall:
k ¼
U*
Uz
ln
 
z
zo
 
(8)
The respective values of Uz and U* are given in Table 1. Estimates of
the thickness of the boundary layer for this site made by Amos et al.
(2006) are 4 m during peak ﬂows, of which only the lower 10% may
be considered logarithmic (Middleton and Southard, 1984): that is
the lower 0.4 m of the water column. This is also the region of peak
shear stress (Biron et al., 2004). The ADV is within this turbulent
region, hence a constant value of z0¼ 0.002 m has been used
(Sternberg, 1972; Thompson et al., 2003). The results are also pre-
sented in Table 1. The mean estimate of k is 0.37( 0.10), and no
trend was found with concentration up to 2000 mg/L. A constant
value of k¼0.41 has therefore been used in the evaluation of the
Rouse parameter.
5.4. Assessmentof the Shields parameter forsuspension (both inlets)
Van Rijn (1993) shows that the movability number can be used
to deﬁne the Shields parameter (q) in terms of the dimensionless
grain diameter (D*):
q ¼
c2
D2
*
rW2
s
ðrs   rÞgd
(9)
We have determined q for each proﬁle of this study, having
adopted earlier the model c¼10. All other variables have been
measured with the exception of sediment density (rs) assumed at
2650 kg/m2. The results are plotted in Fig. 7, which is a modiﬁed
Shields diagram from Van Rijn (1993). The upper solid line is the
proposed suspension threshold of Bagnold (1966) wherein
qcrit;susp ¼ 0:4W2
s =gd. Note that qcrit,susp is not constant in the
region D*<40, which is where our data are located. The pro-
portionality constant in this relationship is given as 0.19 by McCave
(1971), and so some uncertainty over this threshold exists.
The relationship intersects the traction threshold at D*¼3.
The grey and black diamonds in the Figure are the benthic and
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Fig. 5. The (inverse) movability number plotted versus the friction velocity measured
using an ADV in Lido inlet and derived from numerical model output (Ferrarin et al., in
press) in Chioggia inlet.
Fig. 6. (A) The root-mean-square magnitude of the vertical turbulence measured at
25 Hz at the Litus site (Lido inlet), plotted against the mean magnitude of the upward-
directed vertical turbulent eddies. (B) The friction velocity derived from the ADV time-
series using the TKE method, plotted against the mean magnitude of the upward-
directed vertical turbulent eddies.
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cluster in the region under debate, though largely above the trac-
tion threshold. Roe (2007) undertook a laboratory study of natural
sands (2<D*<8) in order to deﬁne precisely qcrit,susp. The results
are deﬁned by the relationship:
qcrit;susp ¼ 0:043D1:152
* (10)
The estimate qcrit,susp for the mean D* of this study (3.03) is
found (using equation (10)) to be 0.154. This yields
U*,crit,susp¼1.68  10 2 m/s, which is close to the value derived
earlier. The results from Chioggia fall well above this threshold (full
suspension) whilst the benthic data fall below it (bedload). Ridley
(2004) undertook a similar study to Roe (2007) but used larger
grain sizes. Convergencewith Bagnold’s (1966) threshold is evident
for D*>10. Similarly, Blair (2007) has evaluated the traction
threshold for sand (1<D*<25) which match the ‘‘Shields curve’’
quite well, suggesting that the procedures used throughout are
reasonably accurate.
The inference from these results is that the sand trapped in
Chioggia inlet was in full suspension whereas in Lido inlet a signif-
icant bedload component was detected. Notwithstanding conver-
gence in the threshold velocities determined earlier, we conclude
that very ﬁne sand does move as bedload when 0.07<q<0.15.
5.5. An evaluation of the b-parameter of Hill et al. (1988)
(both inlets)
The Rouse parameter is a product of the inverse movability
number (Collins and Rigler,1982). However, the treatment of b and
k for conditions of active suspended sediment transport is not clear.
Graf (1971) stated that ‘‘. it is not at all clear when b is equal to,
smaller than or possibly even larger than unity.’’. Whitehouse
(1995) undertook ﬁeld measurements of sand transport in
suspension and found b¼0.65 0.05. His work showed b tovary in
proportion to the movability number between limits of 0.6 (or
lower) and 3.3, and that it was constant with height above the bed.
Note, that some authors, working in wave-dominated environ-
ments, refer to g¼(1/b)( Vincent and Green, 1990; see Lee et al.,
2004). The b-parameter deﬁnes the ratio of the eddy diffusivity of
sediment (Ks) to that of momentum (Kmo): b ¼ Ks=Kmo. Van Rijn
(1981) proposes a relationship that constrains b to be always larger
than unity; Vincent and Green (1990) suggest a constant value of
ð1=0:74Þ¼1:35. Whereas Hill et al. (1988) show values of
0.35<b<3.02; generally, b is proposed to be weakly proportional
to grain size and below unity when d<100 microns (Graf, 1971).
Black and Rosenberg (1994) also present data where Ks<Kmo.
However, given that the sand in suspension in Lido inlet is close to
100 microns, it may be reasonable to set b¼1. To test the validity of
this, estimates of b have been made for the Lido data (where U* and
Ws have been measured independently) following the method
deﬁned by Hill et al. (1988). That is, Ki has been deﬁned using the
following equation:
Ks ¼ bkU*z
 
1  
z
h
 
¼
 WsC
dC=dz
(11a)
and
Kmo ¼ kU*z
 
1  
z
h
 
(11b)
b was evaluated by equating the concentration proﬁle slope (1/
m) listed in Table 1 with the Rouse parameter: b ¼ð mWs=kU*Þ.
Results are presented in Fig. 8. The two inlets are distinctly
different; b varied between the limits 0.25<b<0.75 (Lido),
and 0.96<b<3.4 (Chioggia) resulting inmeanvalues of0.49 0.18
and 1.72 0.75 respectively. The scatter of b was high and appears
to increase with increasing D*. b was correlated to dimensionless
grain diameter (D*) and movability number in the form:
b ¼ 2:07   2:03D* þ 59ðWs=U*Þ
2, r2¼0.42. The relationship is
derived by substitution in the quadratic term: D* ¼ 10ðWs=U*Þ.I n
this form we see that bffðWs=U*Þ
2 (following Van Rijn, 1993),
where f is linearly related to D* and can vary over a range b>0.33
Fig. 7. A Shields diagram (after Van Rijn, 1993) showing the results from this study.
Note that the suspension threshold derived by Roe (2007) is below that proposed by
Bagnold (1966), and conﬁrms the presence of a bedload population where none would
otherwise be predicted.
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b to unity or greater, but yields a range very similar to that pre-
sented by Hill et al. (1988).
5.6. An evaluation of the g-parameter of Owen (1964)
A major obstacle to accurate prediction of the suspension of
sand in the water column is the estimate of the reference concen-
tration (Ca) and the reference height (a).
Dyer (1980) and Hill et al. (1988) have evaluated the reference
concentration of the Rouse proﬁle through the formulation:
Ca ¼ Cbg
 
so   scrit;susp
 
scrit;susp
(12)
where Ca is the reference concentration of the Rouse proﬁle, Cb is
volume concentration of the bed (0.65), so¼rU*
2, and
scrit;susp ¼ 0:29 Pa is the suspension threshold shear stress at these
sites. g is a non-dimensional proportionality coefﬁcient relating
bed stress to volume concentration at a height a¼0.02 m (taken
from Hill et al., 1988), that has been evaluated at 1.3 10 4. Smith
and McLean (1977) estimated the coefﬁcient as
1.5  10 5<g<1 10 2 whereas Dyer (1980) proposed a value
within this range (7.8 10 5). Applying equation (12), we arrive at
an estimate of g¼3.54 10 4 which is close to that proposed by
Hill et al. (1988) and which also falls within the range of Smith and
McLean (1977). The results show a high degree of scatter which
suggest a low degree of conﬁdence in the estimate. Errors in the
estimates comes from deﬁning the exact position of the bed, and
that the reference height is constant. Hill et al. (1988) suggest it is
situated at the top of the saltation layer. Given that this is stress
dependent, allowing variation in a might produce better results.
5.7. A comparison of methods to evaluate the movability number
Five methods have been presented herein to evaluate the
movability number: method (1) by application of the three
assumptions of Bagnold (1966); method (2) through equating the
slope of the sand concentration proﬁle to the Rouse parameter and
adopting appropriate values of b and k; method (3) by direct
measurements of the settling rate (Ws) of sand trapped at a given
height and the (ADV) measured friction velocity; method (4) the
evaluation of method (3) at the suspension threshold; and method
(5) using the model presented in Fig. 4 to solve the movability
number for the relevant mean D* values from the sand traps. The
results of these methods for Chioggia and Lido inlets are summa-
rized inTable 3. Method (1) has not been applied to Chioggia due to
the lack of ADV measurements of turbulence: Furthermore, no
solution was possible using method 4 (see Fig. 5). Results from
Chioggia inlet yield remarkably consistent results giving a value of
0.28 0.06. The consistently low values can be explained by the
low D* values (see Fig. 4); they are in line with laboratory data of
Roe (2007) and Blair (2007) for a similar range of grain sizes.
Lido inlet shows greater variability and a higher mean value of
movability number (0.48  0.36) for a given range of D*. These
results are closer to the general arguments of Van Rijn (1993) and
Bagnold (1966), but differ from results of Chioggia and those of Roe
(2007) Blair (2007). Method (1) yields the results more than twice
other methods. This may be due to misalignment of the ADV sensor
and resulting errors in estimating the vertical velocities discussed
byBoudreau and Jorgensen (2001) and Kaimal and Finnigan (1994).
Being directly measured, method (3) may be considered as the
‘‘control’’. The Lido benthic ‘‘control’’ result is greater than that of
the Chioggia ‘‘control’’. Differences reduce and results converge
with sample height above the bed. Whilst part of the difference
may be due to a narrower (and ﬁner) range of grain sizes and higher
friction velocities at Chioggia, it is also evident (from the concen-
tration data in Fig. 3) that Chioggia is ‘‘starved’’ of sediment in high
ﬂow conditions above the suspension threshold. This may limit the
availability of coarser sand in the Chioggia bedload population.
Notice that the movability number appears to decrease with
height above the bed (in both inlets). This decrease, may be an
artifact due to the assumption that U* (derived from near-bed
measurements) is constant with height which is assumed true in
the log layer. Biron et al. (2004, their Fig. 5), who measured stress in
a similar fashion to the work herein, showa decrease (of about 10%)
in U* with height above the bed from a maximum at 0.1 h (h¼total
depth), which would account for the observed trends in Table 3.
Whitehouse (1995) discusses the potential sources of error in
estimating U* and the impact on the suspension of sand.
6. Conclusions
This paper reports on a ﬁeld campaign undertaken during
September, 2006 within Lido and Chioggia inlets, Venice lagoon.
The purpose of this campaign was to measure the magnitude and
direction of sand transport in the inlets and to relate this transport
to ﬂow conditions monitored at the time. The main points of
conclusions of this work are:
(1) the modiﬁed Helley–Smith traps are a practical way of
measuring sand transport within the inlets of Venice. However,
the efﬁciency of the traps was only around 4%. The traps
showed thatonly very ﬁne sand was in transport in the inlets at
the time;
(2) the inverse movability number ðWs=U*Þ was found to ﬁt the
linear model with dimensionless grain diameter (D*) in the
form: ðWs=U*Þ¼ð D*=10Þ, for D*<10 in Chioggia (all samples)
and Lido (surface samples) inlet; benthic and epi-benthic
samples from Lido inlet did not ﬁt this model;
(3) evaluation of the Bagnold’s (1966) assumptions in the deriva-
tion of the suspension threshold for sand yielded a mismatch
with results herein being: w0
up ¼ 1:00w0 and w0
up ¼ 1:32U*,
from which ðWs=U*Þ¼ð w0
up=U*Þ¼1:32. This latter relation-
ship is higher than other methods presented herein (Table 3).
Misalignment of the ﬁeld ADV sensor could explain some
differences. Howeverourevaluation of U* suggests it is accurate
to 10%. It may be that Bagnold’s (1966) ﬁrst assumption
(ws¼w0
up) may not be valid in our case;
(4) a cursory examination showed no effect of suspension on von
Karman’s constant (k). Applying the Law of the Wall, we found
k¼0.37 ( 0.1) which is not signiﬁcantly different from the
previously published standard value (0.41);
(5) estimates of the Shield’s parameter show much of the Lido inlet
sand was transported as bedload, whilst Chioggia was domi-
nated by suspension. A new threshold for suspension is
proposed which divides these two populations for 2<D*<10:
qcrit;susp ¼ 0:043D1:152
* ;
(6) the b-parameter of Hill et al. (1988) was found to vary with the
movability number in the form
b ¼ 2:07   2:03ðD*Þþ59ðWs=U*Þ
2 over a range D*<10. We
found b was largely below unity in Lido inlet and above unity
for Chioggia inlet and minimized at a value of 0.33;
(7) the g-parameter of Owen (1964) (which relates the reference
concentration to normalized excess bed shear stress) was
found to be 3.54 10 4 which is close to that proposed by Hill
et al. (1988);
(8) sand in suspension was well deﬁned by the Rouse proﬁle,
however, the mean suspension number was  2.01 0.66 for
Lido inlet and  0.82 0.27 for Chioggia inlet. Thus the
C.L. Amos et al. / Estuarine, Coastal and Shelf Science 87 (2010) 225–236 234movement of sand was concentrated closer tothe bed thanwas
evident in counterparts elsewhere. Of the two inlets, Chioggia
showed the greatest mixing throughout the water column; and
(9) sand transport measurements in Chioggia inlet are very low
when differences in sediment size and ﬂow conditions are
accounted for. The measured sand transport rates fall below
global counterparts suggesting that this inlet is sediment
starved. Lido inlet, by contrast, behaved normally with respect
to sand transport, and the transport rates were in equilibrium
with the ﬂow conditions.
Acknowledgements
This project was completed with some degree of success. This is
in large measure due to the support and effort of a variety of people
who for brevity have not been acknowledged fully within the
manuscript. Our thanks go to CORILA and the key staff who made
all this possible; in particular we thank Pierpaolo Campostrini,
Stefania De Zorzi and Matteo Morgantin. The massive efforts of
Emiliano as skipper of the boat Corila were central to the successful
data collection. Thanks also go to Franco Costa and Francesco
Simionato (CNR-ISMAR) and Andrea Rismondo (SELC SpA) for their
support in the Lido inlet study. G. Brancolini (OGS) and Armando
(Litus pilot) are also thanked for support with the OGS vessel Are-
tusa. This paper was prepared as part of the SCOR Working Group
122 (Sediment Retention in Estuaries) and was funded in part by
CORILA Linea 3.2.
References
Amos, C.L., Helsby, R., Umgiesser, G., Mazzoldi, A., Tosi, L., 2005. Sand transport in
northern Venice lagoon. Research program 2004–2006. In: Scientiﬁc Research
and Safeguarding of Venice, vol. III. Publ. CORILA. 369–383.
Amos, C.L., Helsby, R., Thompson, C.E.L., Villatoro, M., Venturini, V., Manca, E.,
Mazzoldi, A., Umgiesser, G., Tosi, L., 2006. The origin of sand in the Venice
Lagoon – the next step. Research program 2004–2006. In: Scientiﬁc Research
and Safeguarding of Venice, vol. IV. Publ. CORILA. 429–454.
Amos, C.L., Helsby, R., Lefebvre, A., Thompson, C.E.L., Villatoro, M., Venturini, V.,
Umgiesser, G., Zaggia, L., Mazzoldi, A., Tosi, L., Rizzetto, F., Brancolini, G., 2008.
The origin and transport of sand in Venice lagoon, the latest developments.
Research program 2004–2006. In: Scientiﬁc Research and Safeguarding of
Venice, vol. V. Publ. CORILA. 467–495.
Arena, F., Kovacevic, V., Mazzoldi, A., 2005. Estimate of the suspended solid matter
concentration from the backscatter intensity measured by ADCP. Research
program 2004–2006. In: Scientiﬁc Research and Safeguarding of Venice, vol. IV.
Publ. CORILA. 373–387.
Bagnold, R.A.,1956. Flow of cohesionless grains in ﬂuids. Philosophical Transactions
of Royal Society, London A249, 235–297.
Bagnold, R.A.,1963. Mechanics of marine sedimentation. In: Hill, M.N. (Ed.), The sea.
Publ. Interscience, pp. 507–582.
Bagnold, R.A., 1966. An approach to the sediment transport problem from general
physics. U.S. Geol. Survey Professional Paper 422-l.
Biron, P.M., Robson, C., Lapointe, M.F., Gaskin, S.J., 2004. Comparing different
methods of bed shear stress estimates in simple and complex ﬂows. Earth
Surface Processes and Landforms 29 (11), 1403–1415.
Black, K.P., Rosenberg, M.A., 1994. Suspended sand measurements in a turbulent
environment: ﬁeld comparison of optical and pump sampling techniques.
Coastal Engineering 24, 137–150.
Blair, A.A.C., 2007. A comparative analysis of silicate and carbonate sands in relation
to predicted rates of sand transport. Unpublished M.Sc. Thesis, University of
Southampton.
Boudreau, B.P., Jorgensen, B., 2001. The Benthic Boundary Layer: Transport
Processes and Biogeochemistry. Publ. Oxford University Press, 440 pp.
Brambati, A., Venzo, G.A., 1967. Recent sedimentation in the northern Adriatic sea
between Venice and Trieste. Studi Trentini di Scienze Naturali 46, 202–274.
Brambati, A., Marocco, R., Catani, G., Carobene, L., Lenardon, G., 1978. Stato delle
conoscenze dei litorali dell’Alto Adriatico e criteri di intervento per la loro
difesa. In: Memorie, vol. 2. Societa. Geologica, Italiana. 389–398.
Carbognin, L., Cecconi, G., 1997. The lagoon of Venice, environment, problems, and
remedial measures. Field Guide of IAS Environmental Sedimentology Confer-
ence, Venice. Publ. Consiglo Nationale della Ricerca, Venice, 71 pp.
Collins, M.B., Rigler, J.K., 1982. The use of settling velocity in deﬁning the initiation
of motion of heavy minerals grains, under unidirectional ﬂow. Sedimentology
29, 419–426.
CORILA, 2005. Research program 2004–2006. Scientiﬁc Research and Safeguarding
of Venice, vol. III. Publ. CORILA, Venice, 511 pp.
CRC, 1976. Handbook of Chemistry and Physics. Publ. CRCpress, Cleveland, Ohio.
Dawson, S.C., 2007. The role of natural shallow water waves on seabed evolution in
Venice lagoon. Unpublished B.Sc. Thesis, University of Southampton, 43 pp.
Defendi, V., Kovac ˇevic ´, V., Zaggia, L. and Arena, F., in press. Estimating sediment
transport from acoustic measurements in the Venice Lagoon inlets. Continental
Shelf Research Special Issue.
Dyer, K.R.,1986. Coastal and Estuarine Sediment Dynamics. Publ. John Wiley & Sons
Ltd., 342 pp
Dyer, K.R.,1980. Velocity proﬁles over a rippled bed and the threshold of movement
of sand. Estuarine and Coastal Marine Science 10 (2), 181–199.
Folk,R.L.,1968.PetrologyofSedimentaryRocks.Publ.Hemphill’s,Austin,Texas,170pp.
Gac ˇic, M., Mosquera, I.M., Kovacevic, V., Mazzoldi, A., Cardin, V., Arena, F., Gelsi, G.,
2004. Temporal variations of water ﬂow between the Venetian lagoon and the
open sea. Journal Marine Systems 51, 33–47.
Gadd, P.E., Lavelle, J.W., Swift, D.J.P.,1978. Calculations of sand transport on the New
York shelf using near-bottom current meter observations. Journal Sedimentary
Petrology 48 (1), 239–252.
Garcia, M., Parker, G., 1991. Entrainment of bed sediment into suspension. Journal
Hydraulic Engineering 117 (4), 414–435.
Graf, W.H., 1971. Hydraulics of Sediment Transport. Publ. McGraw-Hill Book
Company, New York, 513 pp.
Guerzoni, S., Tagliapietra, D., 2006. Atlante della Laguna Venezia tra Terra e Mare.
Publ. Marsiglio Editori S.p.A, Venezia, 242 pp.
Gust, G., Walgner, E., 1976. The inﬂuence of suspended cohesive sediments on
boundary-layer structure and erosive activity of turbulent seawater ﬂow.
Marine Geology 22, 189–206.
Helley, E.J., Smith, W., 1971. Development and calibration of a pressure difference
bedload sampler. USGS Water Resources Division Open File Report, 18 pp.
Helsby, R. 2008. Sand transport in northern Venice lagoon through the tidal inlet of
Lido. Unpublished PhD Thesis, University of Southampton, UK, 260 pp.
Helsby, R., Amos, C.L., Umgiesser, G., 2005. Morphological evolution and sand
pathways in northern Venice lagoon, Italy. Research program 2004–2006. In:
Scientiﬁc Research and Safeguarding of Venice, vol. IV. Publ. CORILA. 388–402.
Hill, D.C., Jones, S.E., Prandle, D., 2003. Derivation of sediment resuspension rates
from acoustic backscatter time-series in tidal waters. Continental Shelf
Research 23, 19–40.
Hill, P.S., Nowell, A.R.M., Jumars, P.A., 1988. Flume evaluations of the relationship
between suspended sediment concentration and excess boundary shear stress.
Journal Geophysical Research 93 (C10), 12,499–12,509.
Kaimal, J.C., Finnigan, J.J., 1994. Atmospheric Boundary Layer Flows: Their Structure
and Measurement. Publ. Oxford University Press, 304 pp.
Komar, P.D., 1976. Boundary layer ﬂow under steady unidirectional currents. In:
Stanley, D.J., Swift, D.J.P. (Eds.), Marine Sediment Transport and Environmental
Management. Publ. John Wiley & Sons, New York, pp. 91–106.
Komar, P.D., Clemens, K.E.,1985. The relationship between a grain’s settling velocity
and threshold of movement under unidirectional currents. Journal Sedimentary
Research 56, 258–266.
Lane, E.W., Kalinske, A.A., 1941. Engineering calculations of suspended sediments.
Transactions, American Geophysical Union 22, 603–607.
Lee, H.-H., Dade, W.B., Friedrichs, C.T., Vincent, C.E., 2004. Examination of reference
concentration under waves and currents on the inner shelf. Journal Geophysical
Research 109. doi:10.1029/2002JC001707 C02021.
Li, M.Z., Amos, C.L., 1999. Sheet ﬂow and large wave ripples under combined waves
and currents: ﬁeld observations, model predictions and effects on boundary
layer dynamics. Continental Shelf Research 19, 637–663.
Li, M.Z., Gust, G., 2000. Boundary layer dynamics and drag reduction in ﬂows of
high cohesive sediment suspensions. Sedimentology 47, 71–86.
McCave, I.N., 1971. Sand waves in the North Sea off the coast of Holland. Marine
Geology 10 (3), 199–225.
McCave, I.N., 1984. Erosion, transport and deposition of ﬁne-grained marine sedi-
ments. Geological Society, London Publications 15, 35–69.
Middleton, G.V., Southard, J.B., 1984. Mechanics of Sediment Transport. Short
Course 3. Publ. SEPM, 401 pp.
Mikkelsen, O.A., Hill, P.S., Milligan, T.G., Chant, R.J., 2005. In situ particle size
distributions and volume concentrations from a LISST-100 laser particle sizer
and a digital ﬂoc camera. Continental Shelf Research 25, 1959–1978.
Neumeier, U., Ferrarin, C., Amos, C.L., Umgiesser, G., Li, M.Z., 2008. Sedtrans05: an
improvedsediment-transportmodelforcontinentalshelvesandcoastalwaterswith
a new algorithm for cohesive sediments. Computers & Geosciences 34,1223–1242.
Nin ˇo, Y., Lopez, F., Garcia, M., 2003. Threshold for particle entrainment into
suspension. Sedimentology 50 (2), 247–263.
Owen, P.R., 1964. Saltation of uniform grains in air. Journal Fluid Mechanics 20,
225–245.
Paphitis, D., Velegrakis, A.F., Collins, M.B., Muirhead, A., 2001. Laboratory investi-
gations into the threshold of movement of natural sand-sized sediments under
unidirectional, oscillatory and combined ﬂows. Sedimentology 48, 645–659.
Rey, J.R., Crossman, R.A., Kain, T.R., Vose, F.E., Peterson, M.S., 1987. Sampling
zooplankton in shallow marsh and estuarine habitats: gear description and
ﬁeld tests. Estuaries 10 (1), 61–67.
Ridley, C., 2004. An evaluation of the balance of forces acting on bodies of varying
size, shape, and density. Unpublished B.Sc. Thesis, University of Southampton.
Roe, S., 2007. A laboratory study of the derivation of the suspensionthreshold of ﬁne
and very ﬁne sand. Unpublished B.Sc. Thesis, University of Southampton, 60 pp.
C.L. Amos et al. / Estuarine, Coastal and Shelf Science 87 (2010) 225–236 235Samaga, B.R., Ranga, Raju, K.G., Garde, R.J., 1986. Suspended load transport. Journal
Hydraulic Engineering 11, 1019–1038.
Sarretta, A., Pillon, S., Molinaroli, E., Guerzoni, S., Fontolan, G., in press. Sediment
budget in the lagoon of Venice, Italy. Continental Shelf Research Special Issue.
Sfriso, A., Facca, C., Marcomini, A., 2005. Sedimentation rates and erosion processes
in the lagoon of Venice. Environment International 31, 983–992.
Smith, J.D., McLean, S.R., 1977. Boundary layer adjustments to bottom topography
and suspended sediments. Memoirs Royal Society Liege 11, 123–151.
Soulsby, R.L., 1983. The bottom boundary-layer in shelf seas. In: Johns, B. (Ed.),
Physical Oceanography of Coastal and Shelf Areas. Publ. Elsevier, Amsterdam,
pp. 189–266.
Soulsby, R.L., 1997. Dynamics of Marine Sands. A Manual for Practical Applications.
HR Report SR466. Publ. HR Wallingford Ltd., 142 pp
Sousby, R.L., Atkins, R., Salkﬁeld, A.P.,1994. Observations of the turbulent structure of
asuspensionofsandinatidalcurrent.ContinentalShelfResearch14(4),429–435.
Stapleton, K.R., Huntley, D., 1995. Seabed stress determinations using inertial
dissipation method and the turbulent kinetic energy method. Earth Processes
and Landforms 20, 807–815.
Sternberg, R.W., 1972. Predicting initial motion and bedload transport of sediment
particlesintheshallowmarineenvironment.In: Swift,D.J.P.,Duane,D.B.,Pilkey,O.H.
(Eds.), Shelf Sediment Transport. Publ. Dowden, Hutchinson & Ross, pp. 61–82.
Tambroni, N., Seminara, G., 2006. Are inlets responsible for the morphological
degradation of Venice Lagoon? Journal Geophysical Research III F03013, 19.
Thompson, C.E.L., Amos, C.L., Jones, T.E.R., Chaplin, J., 2003. The manifestation of
ﬂuid-transmitted bed shear stress in a smooth annular ﬂume – a comparison of
methods. Journal Coastal Research 19 (4), 1094–1103.
Umgiesser, G., 2000. Modeling residual currents in the Venice Lagoon. In: Interac-
tions between Estuaries, Coastal Seas, and Shelf Seas. Publ. Terra Scientiﬁc
Publishing Co.,, Tokyo, pp. 107–124.
Umgiesser, G., Sclavo, M., Carniel, S., Bergamasco, A., 2004. Exploring the bottom
shear stress variability in the Venice lagoon. Journal Marine Systems 51,
161–178.
Umgiesser, G., DePascalis, F., Ferrarin, C., Amos, C.L., 2005. Modeling sand transport
in a canal system, northern Venice lagoon. Research program 2001–2003. In:
Scientiﬁc Research and Safeguarding of Venice, vol. III. Publ. CORILA. 177–192.
Umgiesser, G., DePascalis, F., Ferrarin, C., Amos, C.L., 2006. A model of sand transport
in Treporti channel: northern Venice lagoon. Ocean Dynamics 56, 339–351.
Van Rijn, L.C., 1981. The development of concentration proﬁles in a steady, uniform
ﬂow without initial sediment load. Delft Hydraulics Laboratory Publication No.
255, 7 pp.
Van Rijn, L.C., 1984. Suspended transport, part II: suspended load transport. Journal
Hydraulic Engineering 110 (11), 1613–1641.
Van Rijn, L.C.,1993. Principles of Sediment Transport in Rivers, Estuaries and Coastal
Seas. Publ. Aqua Publications, Zwolle, the Netherlands.
Villatoro, M.M., Amos, C.L., Umgiesser, G., Ferrarin, C., Zaggia, L. and Thompson,
C.E.L., in press. Sandtransport observations in Chioggia inlet, Venice lagoon.
Continental Shelf Research.
Vincent, C.E., Green, M.O., 1990. Field measurements of the suspended sand
concentration proﬁles and ﬂuxes and the resuspension coefﬁcient go over
a rippled bed. Journal Geophysical Research 95 (C7), 11591–11601.
Whitehouse, R., 1995. Observations of the boundary layer characteristics and the
suspension of sand at a tidal site. Continental Shelf Research 15 (13),1549–1567.
C.L. Amos et al. / Estuarine, Coastal and Shelf Science 87 (2010) 225–236 236Sand transport measurements in Chioggia inlet, Venice lagoon:
Theory versus observations
Monique M. Villatoro
a,, Carl L. Amos
a, Georg Umgiesser
b, Christian Ferrarin
b, Luca Zaggia
b,
Charlotte E.L. Thompson
a, Daniele Are
c
a University of Southampton, National Oceanography Centre, European Way, SO14 3ZH Southampton, UK
b Consiglio Nazionale della Ricerca, Instituto Grande Masse, Castello 1364/a, 30122 Venice, Italy
c Societ a per l’ Ecologia delle Lagune e delle Coste, Via dell’Elettricit a 3/D, 30175 Marghera, Italy
article info
Article history:
Received 27 February 2009
Received in revised form
3 June 2009
Accepted 21 June 2009
Available online 1 July 2009
Keywords:
Tidal inlets
Sand transport
Thresholds
Proﬁles concentration
Bedload samplers
abstract
This paper presents results of recent measurements of sand transport made in Chioggia inlet as part of
an extensive monitoring programme in the Venetian inlets. Measurements were made in order: (1) to
deﬁne a relationship between sand transport magnitude and tidal ﬂow; (2) to derive the thresholds for
sand transport; (3) to identify the dominant modes of transport; (4) to evaluate the concentration
proﬁles of sand within the benthic boundary layer; (5) to compare bedload transport observations with
model predictions using existent bedload formulae; and (6) to produce yearly estimates of bedload
transport across the inlet. The vertical distribution of sand in the water column was sampled using
modiﬁed Helley–Smith bedload samplers at three sites. Transport was found to vary according to the
ﬂow and bed grain size, with considerable temporal and spatial variability. A difference of up to three
orders of magnitude in transport was observed through the inlet, with higher transport rates measured
on the seaward part. The dominant mode of transport in the central inlet was suspension, while bedload
was dominant in the mouths. The measured proﬁles of sand concentration varied with the tidal stage
and seabed grain size according to the Rouse parameter (R). R was high at the inlet mouths (1oRo2),
indicative of a well-developed bedload layer. The inverse movability number (Ws/U*) was also higher at
these sites and appeared to be grain size dependant. Formulae for bedload transport were tested against
ﬁeld data; stochastic methods such as Einstein–Brown, Engelund–Hansen and Van Rijn produce the best
ﬁts. The coupled model SHYFEM-Sedtrans05 appears to simulate well observed transport for most
conditions of ﬂow. Long-term bedload predictions indicate a dominant export of sand, with a yearly
average of 4500m
3.
& 2009 Elsevier Ltd. All rights reserved.
1. Introduction
The magnitude of sand transport on the Adriatic shores of
Venice lagoon is evident from the presence of depositional
features such as accreting beaches, sand bars and ebb-tidal deltas
(Guerzoni and Tagliapietra, 2006; Villatoro, 2007). Volumetric
analysis and current modelling show that the main contribution
to these features is littoral drift; however, the magnitude of sand
transport across the tidal inlets and its impact on the littoral cell is
not yet know (Amos et al., 2006, in press; Helsby, 2008). Sand
transport estimates have mostly been obtained through numerical
simulations (Coraci et al., 2007; Tambroni and Seminara, 2006).
The models however, have not been validated due to lack of
measurements of the mass transport across the inlets. An annual
loss of approximately 1 million m
3 of sediment has been
calculated through long-term bathymetry analysis of Venice
lagoon (Carbonin and Cecconi, 1997). According to Tambroni and
Seminara, (2006) who used a simple hydrodynamic model to
estimate sand transport in the inlets of Venice, only 10% of the
amount lost is sand.
The activities reported in this paper are part of a greater project
to monitor the transport of solid matter between the Adriatic Sea
and Venice lagoon. The study aims to combine ADCP measure-
ments made both continuously at a ﬁxed point in each inlet and
periodically across inlet sections (Kovac ˇevi´ c et al., 2008) with
estimates from the coupled model SHYFEM-Sedtrans05 (Ferrarin
et al., 2008). The upward looking, ﬁxed ADCPs do not read the
bottom 2m of the water column due to side lobe interference
(Heinz-Hermann, 1994). Thus, the crucial near bed sediment
transport remains undetected. The measurements presented in
this paper were carried out in order to provide information about
that bottom layer to supplement the ADCP data. Bedload transport
cannot be neglected in the estimation of a sediment budget:
Soulsby and Damgaard (2005) suggest that the evolution of bed
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morphology at a local scale may depend more on bedload than
suspension, since bedload reacts quickly to local ﬂow conditions,
whereas suspended sediment does not.
Amos et al. (2006, 2008) reported good results on initial
attempts to measure bedload and suspended sand transport using
modiﬁed Helley–Smith samplers in Lido and Chioggia inlets. This
paper builds upon those results by including two ﬁeld campaigns
at two other study sites within Chioggia inlet. The primary
objective of this study is to understand the mechanisms and
patterns of sand transport in Chioggia inlet, and to provide a
comparative data set against Lido inlet in order to understand
sand transport and exchanges with the Adriatic Sea. In particular,
we aim to identify the magnitudes and dominant modes of sand
transport in the inlet. To achieve this, one needs to:
(i) derive the thresholds for transport and suspension. The
critical condition at which sand starts to move, and whether
it is transported as bedload or in suspension has been subject
to wide debate in the literature (Amos et al., in press).
According to Bagnold (1966), sediment ﬁner than 125mm
moves directly into suspension, however this has been
contested by McCave (1984). The suspension criterion of
Lane and Kalinske (1941), also termed the movability
number by Collins and Rigler (1982) is deﬁned by the ratio
of the frictional velocity (U*) to the particle settling velocity
(Ws). The inverse movability number has been evaluated as
2.5 by Van Rijn (1984) and Nin ˜o et al. (2003), and as 2 by
Samaga et al. (1986). Komar and Clemens (1985) suggested a
value closer to unity, whereas Lee et al. (2004) shows it to
vary from 0.3 to 5. The ratio Ws/U* can be related to the
dimensionless grain diameter (D*) though the Shields
parameter (y), which can be used to identify both the
motion and suspension threshold through experimentally
derived curves. The accurate evaluation of the inverse
movability number is therefore key to the identiﬁcation of
threshold conditions and the subsequent prediction of sand
transport;
(ii) obtain a relationship between sand transport magnitude and
tidal ﬂow magnitude;
(iii) deﬁne the distribution of sand sizes and grain settling
velocity with height above the bed;
(iv) identify the sand transport pathway through the relation of
transport to bed grain size;
(v) test the validity of the Rouse proﬁle of concentration against
the measured vertical distribution of sand by identifying the
patterns of the distribution of sand in suspension under
different tidal ﬂow conditions, and thus allowing for the
future computation of the distribution of sand in suspension
through the Rouse parameter (Ws/bkU*);
(vi) compare measured transport rates with model predictions;
and
(vii) produce yearly estimates of bedload transport.
1.1. Study site
Chioggia inlet is the southern most of three openings
connecting Venice lagoon to the North Adriatic Sea (Fig. 1). The
inlet has an average depth of 8m, with a 12m deep artiﬁcially
maintained navigation channel and a maximum tidal range of
1m. The tidal wave in Chioggia inlet precedes those at Malamocco
and Lido by up to 1h (Gac ˇi´ c et al., 2004). The inlet cross-sectional
area has recently been reduced from 500 to 400m as a result of
the MOSE locks and refuge port construction (Fig. 1).
The inlet has been the access to the port of Chioggia since
Roman times, and has suffered human-induced changes ever
since: The most important of these being the construction of
stabilising jetties, which took place from approximately 1912 to
1930; smaller modiﬁcations continued until the 1950s (Bon et al.,
2001; Rinaldo, 2001). The more recent work on the MOSE project
began in 2004 and is still under way (Consorzio Venezia Nuova
(CVN), 2006). Fig. 1 shows a plan of the proposed MOSE facilities
at Chioggia. The detached breakwater, refuge port and locks had
been completed at the time of this study; the barrier and its
operation equipment are still to be put in place. The southern jetty
has resulted in progradation of up to 9m/annum of the adjacent
Sottomarina and Caroman beaches (see Fig. 1)( CORILA, unpub-
lished data, 2006). Also an ebb-tidal delta has resulted, which has
an accretion rate of 50,000m
3/annum (Amos et al., 2006;
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Fig. 1. Venice lagoon and Chioggia inlet. Study sites A (2006), B (2007) and C (2008) are marked with stars (adapted from Consorzio Venezia Nuova, 2006).
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Villatoro, 2007). Amos et al. (in press) suggest an alongshore
sediment supply of 0.5 10
6m
3/annum to the region. According
to Brambati et al. (1978), sand transport on the adjacent shores
converges at Chioggia inlet. Thus the sources, pathways and
transport of sand in this study region are complex. The observed
current direction along Sottomarina is opposite to the main
southerly circulation in the northern Adriatic observed in Caro-
man. This is the result of a 5km anti-cyclonic eddy, generated by
the presence of the inlet (Bellaﬁore et al., 2008). Major sources of
sand are the Brenta and Adige rivers, which discharge 5 and 10km
south of Chioggia inlet, respectively, and 4 10
6m
3 of renourish-
ment material dumped between 1995 and 1997 along Pellestrina,
north of the inlet (CVN, 2008 unpublished report).
2. Methodology and data collection
The vertical distribution of sand in transport was measured by
deployment of sand traps at hourly intervals at three sites within
Chioggia inlet. The activities carried out at each site were designed
to meet the stated objectives of CORILA (2005) and are described
below. Some of the work undertaken to date is presented in
previous reports (Amos et al., 2006, 2008).
2.1. Study site A—central inlet
The sampling site was selected to be near a bottom-mounted
ADCP deployed in Chioggia inlet in 2002 (45113.8790,1 2 117.9200)
described by Gac ˇi´ c et al. (2004). The site was 9m deep at low
water. The vertical distribution of sand in transport was measured
on the 11th and 12th of September, 2006 by deployment of an
array of three traps from an anchored boat (Fig. 2A). Modiﬁed
Helley–Smith samplers (Helley and Smith,1971) ﬁtted with 60mm
mesh nets and square intake openings of 12 12cm, were used
for the bottom two measurements. These samplers were lowered
to the seabed (see Fig. 2a for conﬁguration). The epi-benthic trap
was ﬁtted with a footing structure to raise the intake opening, so
that the mouth centre was 20.5cm above the bed. The centre of
the benthic trap mouth was 6cm above the bed. The sampling
area of trap mouth is held perpendicular to the ﬂow by tail ﬁns on
Fig. 2. Conﬁguration of samplers used during each ﬁeld campaign and the complementary instrumentation deployment.
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the samplers (Helley and Smith,1971). A hand held sampler with a
circular intake opening of 25cm and ﬁtted with a 60mm net was
deployed perpendicular to the ﬂow near the surface. The trapping
efﬁciency of the surface trap has been investigated through ﬁeld
calibration by Amos et al. (2006, in press) and was evaluated as
3.7%. Efﬁciency is assumed constant with depth.
The traps were deployed for periods of 15–20min during both
ﬂood and ebb phases of the tide. Sampling periods and the tidal
stage during sampling are shown in Fig. 3A. A total of 12 proﬁles
were measured during the 2 days. At the end of each sampling
interval, the frame was pulled on to the boat where the traps’ nets
were cleaned with fresh water and the sand was collected directly
in a 63mm sieve.
A bed frame-mounted ADCP (600kHz RDInstruments
s
Workhorse Monitor) provided continuous measurements of
backscatter, temperature, ﬂow direction and velocity every
10min from a height of 2.12m above the seabed to the surface
(Kovac ˇevi´ c et al., 2008).
2.2. Study site B—east inlet
Site B was located near the seaward mouth of the inlet and was
6m deep at low water (45113.7690,1 2 118.6940). It was selected
because it is a sandy shoal and was expected to be an area of
active transport (Fig. 1). Measurements were carried out on the
13th and 14th July, 2007. The vertical distribution of sand in
transport was measured by deploying an array of four modiﬁed
Helly–Smith samplers from an anchored boat (Fig. 2B). The traps
were also ﬁtted with 60mm mesh nets. The centre of the sampling
mouth of the traps was positioned at 6cm (benthic trap), 20.5cm
(epi-benthic trap) and 2m (mid-water trap) above the seabed, and
near the surface (surface trap). The benthic and epi-benthic traps
were deployed directly on the seabed (as described for site A),
while the mid-water trap was kept a ﬁxed depth by reference to
the rope angle. The traps were deployed for periods of 15–20min
over an entire tidal cycle (Fig. 3B). A total of 11 proﬁles were
measured over the 2 days. At the end of the sampling interval, the
frame was pulled on to the boat where the trap nets were cleaned
with fresh water and the sand was washed directly into a 63mm
sieve.
Simultaneous measurements of velocity were carried out at
the trap location. A self-recording Valeport 802, attached to a
pyramid-shape frame was deployed autonomously and continu-
ously sampled 2 orthogonal components of the horizontal ﬂow at
4Hz at 45cm above the bed for the duration of the survey. In
addition, an acoustic Doppler velocimeter (ADV) attached to a
second pyramid-shape frame was deployed from the boat every
hour for 5min. The Nortek
s ADV measured the three components
of the ﬂow at 25Hz at 34cm above the bed. The mean ﬂow ¯ U and
the friction velocity U* were derived from the time series through
the turbulent kinetic energy (TKE, Thompson et al., 2003) method.
Other instruments, such as a seaﬂoor imaging sonar (SIS), an
optical backscatter sensor (OBS) and LISST-100X were deployed
during the survey (see Fig. 2b).
2.3. Study site C—west inlet
Site C was located in a shallow area in the western-most part of
the inlet (45114.080,1 2 117.3240). It was 5.5m deep at low water.
Sampling was carried out on the 25th and 26th September, 2008
using the same modiﬁed Helley–Smith samplers as in previous
campaigns. The conﬁguration of the traps is given in Fig. 2C.
Sampling took place only on ebb tides and during a particularly
strong Bora event (NE wind), causing ebb tides to be higher than
predicted. A total of 9 proﬁles were measured over the 2 days.
Sample collection was carried out as described above.
A downwards looking ADCP (600kHz RDInstruments
s Work-
horse Rio Grande) was mounted on a frame at a height of 85cm to
measure bed displacement. It recorded velocity and backscatter at
the trap location every 5cm from 20 to 65cm above the bed at
5min intervals for the entire duration of the survey (Fig. 2C).
Fig. 3. Sampling periods (shown in grey) and tide stage for each site.
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2.4. Sediment analysis
All sand samples collected were oven dried and weighted. The
samples were then ashed at 5501C for 5h to eliminate organic
material and the organic content was then determined by loss on
ignition. The average settling velocity of each sample was
measured with the National Oceanography Centre (NOCS) settling
column. The settling velocities were converted into equivalent
sedimentation diameters using Soulsby’s (1997) formula, from
which the size distributions were obtained.
The total inorganic mass of each sample was divided by the
volume of water passing through the trap opening during the
sampling interval in order to obtain the concentration (mg/L).
Additionally the sand horizontal ﬂux (kg/m
2/s) was calculated for
the surface and mid-water traps and the transport rate (kg/m/s)
for the benthic (6cm) and epi-benthic (20.5cm) by normalising to
the area of the opening and the duration the traps sampled.
2.5. Seabed sampling
About 48 bottom grab samples were collected in September,
2005 in the outer inlet. A further 20 samples were collected inside
the inlet in July, 2008 in order to characterise the seabed of the
inlet and its surroundings, and to correlate the bed sediments to
the measured transport. The samples were collected with a Van
Veen grab and analysed to obtain the grain size distribution using
the NOC settling column and the ﬁnes content through wet
sieving. The carbonate content of the samples was estimated for
provenance studies through calcimetry analysis (US Salinity
Laboratory, 1954). This method measures the gravimetric loss of
CO2 produced by the reaction of HCl with soil carbonates.
3. Results
3.1. Bed sediments
Fig. 4 shows the interpolated distribution of seabed grain size
in Chioggia inlet and the surrounding areas. Sediment within the
inlet ranges from 100 to 370mm. The ﬁnest grain sizes, of around
140 to 180mm, are found adjacent to the north and south jetties,
mostly in the central part of the inlet (study site A). The inlet
eastern entrance (study site B) has the coarsest bed sediments,
with a median grain size of up to 369mm. This size of sediment is
not found anywhere else in the inlet or the lagoon, suggesting a
source from the adjacent beaches. The calcimetry analysis
indicates that this sediment (site B) is composed of sand from
Sottomarina beach (south) (Fig. 1B). The carbonate content of the
sand in Sottomarina and Caroman beach suggests they have
different sources; sand in Caroman is mostly composed of
renourishment material dredged from the northern Venetian
littoral, the source of which is the Piave and Sile Rivers, which
carry carbonate-rich sediment from the Dolomites (60%
carbonate). Sand in Sottomarina, on the other hand, is supplied
by the Brenta and Adige Rivers originating on the Alps, hence
having lower carbonate content (20% carbonate). The ebb-tidal
delta grain size ranges from 140 to 230mm and has a carbonate
content of 40%.
3.2. Site A—central inlet
Table 1 gives the average values of median grain size, organic
percentage and sand concentration for the samples collected in
the central part of the inlet in 2006. The values are averaged for
each sample height and for ebb and ﬂood tides. Samples were
mostly composed of ﬁne sand with an average median grain size
of 110mm, which did not vary signiﬁcantly with height above the
bed. Grain size was approximately 10% smaller on the ﬂood tide
than on the ebb tide. This may be due to the tidal asymmetry,
which results in higher velocities on the ebb. Surface samples
contained up to 94% of organic matter on the ebb; by contrast,
organics were higher nearer the bed on the ﬂood, when the
majority of benthic and epi-benthic samples collected were
dominated by macrophytes as a result of an earlier storm.
An efﬁciency of 3.7% was applied to the concentrations based
on the calibration reported in Amos et al. (2006, in press). The
velocities used for the calculations were predicted with the
hydrodynamic model SHYFEM (Umgiesser et al., 2004; Ferrarin
et al., 2008). A comparison of the model output and ADCP data is
shown in Fig. 5. The modelled reproduces well the measured
ADCP velocities. The observed modelled values are consistently
smaller because the predictions were obtained for a height of
0.5m above the seabed, while the ADCP measurements
correspond to 2.12m above the seabed. Measured sand
transport varied according to the tidal stage, with maximum
transport at peak current velocities. Higher currents and
Fig. 4. Seabed grain size distribution in Chioggia inlet and its surroundings.
Table 1
Median grain size diameter (D50), percentage of organic content and sand
concentration of samples collected in site A (2006).
Samples D50 (lm) Organic content (%) Sand concentration (mg/L)
Ebb Flood Ebb Flood Ebb Flood
Surface 112 96 58.36 24.42 0.12 0.17
Mid-water 115 – 29.26 – 1.34 –
Epi-benthic 114 96 14.68 47.39 3.45 1.35
Benthic 119 117 19.75 58.08 10.79 2.17
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associated sediment transport were observed during the ebb
phase due to tidal asymmetry.
3.3. Site B—east inlet
The average values of median grain size, percentage organics
and sand concentration for the samples collected in the eastern
part of the inlet in 2007 are shown in Table 2. The values are
averaged for each sampled height and for ebb and ﬂood tide. The
material caught by the traps varied signiﬁcantly with height
Fig. 5. (A) Measured and predicted current velocity, and (B) measured concentration according the predicted tidal elevation for site A.
Table 2
Median grain size diameter (D50), percentage of organic content and sand
concentration of samples collected in site B (2007).
Samples D50 (lm) Organic content (%) Sand concentration (mg/L)
Ebb Flood Ebb Flood Ebb Flood
Surface 127 129 15.51 3.61 6.55 2.14
Mid-water – 230 – 3.21 – 55.95
Epi-benthic 286 258 2.55 2.78 940.44 40.23
Benthic 333 326 4.36 8.34 6213.00 961.06
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above the bed, with an average 330mm collected by the benthic
trap and 128mm by the surface trap. Grain size was approximately
5% smaller in the ﬂood tide than the ebb tide. Samples contained a
higher percentage of organic matter on the ebb tide, except for the
benthic traps, which contained up to 10% of broken shell
fragments. The percentage was higher on the ﬂood tide than the
ebb tide, suggesting the shelly sediment is moving into the lagoon.
Concentrations decreased with height above the bed and were
generally higher during the ebb phase due to tidal asymmetry. Fig. 6
shows the variation of sediment transport according to the measured
tidal elevation and correspondent current speed. The Valeport frame
Fig. 6. (A) Measured and predicted current velocity, and (B) measured concentration according the measured tidal elevation for site B.
Table 3
Median grain size diameter (D50), percentage of organic content and sand
concentration of samples collected in site C (2008).
Samples D50 (lm) Organic content (%) Sand concentration (mg/L)
Ebb Flood Ebb Flood Ebb Flood
Surface 123 – 17.26 – 6.18 –
Mid-water 162 – 20.37 – 6.87 –
Epi-benthic 256 – 14.12 – 50.22 –
Benthic 290 – 5.44 – 356.50 –
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tipped over at peak velocities (in Fig. 6); therefore the velocities used
to calculate the concentrations were predicted with the hydro-
dynamic model SHYFEM (Ferrarin et al., 2008). There is agreement
between the Valeport and ADV measurements and SHYFEM
predictions for the ebb phase; however it seems that the model
slightly over-estimates the ADV velocity measurements (Fig. 6).
3.4. Site C—west inlet
Table 3 shows the average values of median grain size,
percentage of organic content and sand concentration for the
samples collected in the western part of the inlet in 2008. The
values are averaged for each sampled height, for the ebb tide. No
measurements were made during ﬂood tide. As in site B, the
material caught by the traps varied signiﬁcantly with height
above the bed, although the range of grain sizes was smaller than
at site B. The average median grain size of the benthic traps was
290mm; while the surface traps were 123mm. The percentage of
organic matter decreased with height above the bed, with a
maximum of 20% near the surface. The material collected by the
benthic samples was well-sorted medium sand with a very low
organic content.
To address the issue of possible selective trapping, the
measured median grain sizes from the mid-water and epi-benthic
samples were compared with pump samples taken simulta-
neously at the same height above the seabed. The median grain
Fig. 7. (A) Measured and predicted current velocity, and (B) measured concentration according the measured tidal elevation for site C.
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sizes of the epi-benthic samples are larger than the pump samples
by 10%, while the median grain size of the mid-water trap samples
are 7% smaller than the pump samples. Additionally the median
grain size of the surface trap was compared with samples
collected simultaneously using Niskin bottles. The modiﬁed
Helley–Smith samples were 20% greater in grain size. This larger
difference might be due to the limitation in the sampling volume
of the Niskin bottles, where the sand fraction may be poorly
represented. Moreover, Niskin bottles do not account for the ﬂow
as they sample in a vertical position. Overall, the size of the
trapped material was both ﬁner and coarser than the control. Thus
we have found no systematic evidence of selective sampling by
the modiﬁed Helley–Smith samplers.
Measured concentrations at site C varied according to the ﬂow
and were highest near the bed (Fig. 7). The velocities used to
calculate the concentrations were measured every 5min with a
downwards looking frame-mounted ADCP. Agreement with
SHYFEM predictions is observed, although predictions seem to
be higher than the measured velocities near the end of the ebb
tide, immediately before slack water.
4. Discussions
4.1. Thresholds for transport
In order to determine the type of transport, it is ﬁrst necessary
to deﬁne the critical traction threshold. There are various studies
on this threshold (Shields, 1936; Van Rijn, 1989 in Van Rijn, 1993;
Yalin and da Silva, 2001). Shields (1936) was the ﬁrst to formulate
the threshold condition for incipient motion by relating the
dimensionless ﬂuid and sediment parameters (which can be
expressed in terms of the Reynolds number Re ¼ (Ud50)/n) to the
critical bed shear stress tc
yc ¼ tc
ðrs  rÞgD50
ð1Þ
where r is density of water and sediment and g is gravity
(9.81m/s
2).
The Shields parameter is often plotted in terms of the
dimensionless grain diameter D* (Van Rijn, 1993)
D ¼
gðrs  rÞ
ru2
 0:333
D50 ð2Þ
where v is the kinematic viscosity of seawater (1 10
 6m
2/s at
241C). Using D* eliminates the shear velocity from the x-axis (as
presented in the original Shields diagram, 1936).
The Shields parameter ycr (Eq. (1)) for each sample has been
plotted against the dimensionless grain diameter D* and com-
pared to threshold curves derived experimentally by different
authors in order to asses the modes of the observed transport
(Fig. 8). All variables have been measured with the exception of
sediment density (rs) assumed to be 2650kg/m
2. The results are
plotted together with data previously reported by Amos et al. (in
press) for Lido inlet. The base plot is the Shields diagram (1936),
which Van Rijn (1993) modiﬁed by adding the suspension
threshold curves of Engelund (1965) and Bagnold (1966),a sw e l l
as his own. The upper solid line is the proposed suspension
threshold of Bagnold (1966) wherein ycrit,susp ¼ 0.4 (Ws
2/gD50).
All of the data are located in the region D*o40, where the
suspension thresholds are not constant, and are well above
Shield’s traction threshold. Bagnold (1966) has proposed that
sand ﬁner than 125mm in diameter moves directly into suspen-
sion once the threshold for motion is exceeded. All samples in the
range 24D*44 (904D504130mm), including benthic and epi-
benthic, lay within the suspension region; however data from Lido
Fig. 8. Shields parameter plotted against D* and different suspension and motion
thresholds for (A) site A (2006), (B) site B (2007) and (C) site C (2008). Adapted
from Van Rijn (1993).
M.M. Villatoro et al. / Continental Shelf Research 30 (2010) 1000–1018 1008ARTICLE IN PRESS
inlet (Amos et al., 2006), with similar grain sizes, are within the
threshold region where the suspension threshold curves meet
Shields’ threshold for motion (marked with a red square in
Fig. 8a). The mode of transport in this region is unclear. To address
this, Roe (2007) undertook a laboratory study of natural sands
from Venice lagoon (2oD*o8) to deﬁne more precisely ycrit,susp.
The results are plotted as red dots and are deﬁned by the
relationship ycrit,susp ¼ 0.043D*
1.152, which agrees with Bagnold
(1966) for 6oD*o10, whilst diverging at lower D* values. Lido
benthic and epi-benthic data ﬁt this threshold curve.
Samples collected in Chioggia at sites B and C have a greater
range of grain sizes (2oD*o10) and seem to ﬁt both Roe (2007)
and Bagnold (1966) thresholds. Benthic values are just below the
suspension threshold and the epi-benthic are in or slightly above
this threshold as might be expected in a region of intermittent
saltation/suspension.
The inference from these results is that the sand trapped in the
central part of Chioggia inlet (site A) was in full suspension,
whereas a signiﬁcant bedload component was detected at the
inlet mouths (sites B and C). The behaviour observed in site A can
be explained by a limited supply of coarser sand, which agrees
with grab sampling of the inlet bed (Fig. 4). Sites B and C on the
other hand have a plentiful supply of coarser sediment, con-
tributing to a bedload population. If there is enough supply of
coarser sediment to feed the water column as ﬂows increase in
intensity, then the expected Shields parameter would not be
constant over the range D*o40, but instead should follow
Bagnold’s and Roe’s threshold curves.
4.1.1. Critical velocity
We have determined that site A is dominated by suspension,
while sites B and C have a well-developed bedload layer. Here we
identify the critical velocity at which such transport occurs. The
threshold has been derived by extrapolating the sand transport
rate (kg/m/s) for epi-benthic samples versus current velocity (U0.2
at z ¼ 0.2m) to zero. A threshold of U0.2,crit ¼ 0.16m/s
(U*,crit ¼ 2.6 10
 2m/s) was derived for site A, U0.2,crit ¼ 0.18m/s
(U*,crit ¼ 3.6 10
 2m/s) for site B and U0.2,crit ¼ 0.16m/s
(U*,crit ¼ 2.5 10
 2m/s) for site C. As expected, site B (with the
coarsest sediment) has the highest threshold for motion. These
thresholds agree with the U1,crit value of 0.2m/s reported by Gadd
et al. (1978) for a wave-dominated environment.
4.2. Thresholds for suspension
4.2.1. Distribution of sand in suspension
The distribution of sand in suspension can be estimated
through the Rouse proﬁle of concentration
Cz
Ca
¼
zðh   aÞ
aðh   zÞ
  R
ð3Þ
where Cz is the sand concentration at height z above the bed, h the
total water depth, Ca the reference concentration at height a and R
the Rouse exponent equation
R ¼
Ws
bkU 

ð4Þ
where b is a parameter relating the eddy viscosity for momentum
(Km) to the eddy diffusivity for sediment (Ks ¼ bKm) and k is von
Karman’s constant (0.41). The Rouse parameter determines the
shape of the proﬁle of the Rouse proﬁle of concentration. Though
it is an approximation, the Rouse proﬁle provides a useful
conceptualization of suspended sediment concentrations near
the bed. The higher the Rouse parameter, the steeper will be the
suspended sediment proﬁle (Van Rijn, 1993). The Rouse proﬁle
can therefore be related to measured proﬁles of concentration.
Measured concentrations at the three sites were plotted
against relative height to obtain the proﬁles of concentration
(Fig. 9). The proﬁle slopes and correlation coefﬁcients are shown
in Table 4 for site A, in Table 5 for site B and in Table 6 for site C.
The regression lines have no statistical signiﬁcance since they
Fig. 9. Proﬁles of sand concentration measured in site A (2006) (modiﬁed from
Amos et al., 2006, in press), site B (2007) and site C (2008). The red circles identify
outliers which have been removed from the regression calculations. Best ﬁt lines
for measurements taken during ﬂood tide are shown in blue, and those
corresponding to ebb tide are shown in black. (For interpretation of the reference
to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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correspond to only 2 to 4 measurements per proﬁle; nevertheless
they can be related to the Rouse proﬁle of concentration (Eq. (3))
through the Rouse parameter for suspension (Eq. (4)).
Amos et al. (2006, in press) rearranged the equation of the best
ﬁt of the measurements of sand concentration in the water
column at Lido inlet into an equation (Eq. (5)) similar to the Rouse
equation simpliﬁed by Van Rijn (1993) (Eq. (6))
Cz ¼ Z
1=m
r 10
 ðb=mÞ ð5Þ
where 1/m ¼  R, Zr the relative height above the bed (z/h a), and
10
 (b/m) is the reference concentration at Zr ¼ 1. Zr is equated with
Cz ¼ Ca
z
h   a
  R
ð6Þ
The Rouse exponent derived from the best ﬁt lines varied
according to the tidal stage and to the study site. It was generally
higher for the ebb tide than for the ﬂood tide. The average 1/m for
ebb tide was 0.99,1.4 and 1.02 for sites A, B and C, respectively. On
the other hand, the average 1/m for ﬂood was 0.59 and 1.27 for
sites A and B, respectively. These values were obtained by
averaging the values of 1/m for the regression lines with more
than two data points and discarding the outliers marked in Fig. 9.
The higher Rouse exponent during ebb tide suggests that the
bedload layer is more developed during the ebb phase than the
ﬂood phase.
The average values of 1/m for each site, combining results from
both ebb and ﬂood tides, increased with the average current
speed. The average current speeds were highest in site B, followed
by site C and were least at site A. Similarly, the average 1/m
decreased from 1.34 at site B, to 1.1 at site C, to 0.68 at site A. The
differences also show the sensitivity of the proﬁle of concentra-
tion to local conditions such as mean grain size and sediment
supply, where the average values of 1/m were higher for the sites
with available coarser sand such as sites B and C.
Flow and grain size conditions are considered by the analytical
solution of the Rouse exponent (Eq. (3)). The values of R calculated
with this method are shown in Tables 4–6 next to the values
obtained from the slopes of the measured proﬁles of concentra-
tion. Both methods yield similar results as seen in Table 7.
According to Van Rijn (1993),a nRo1, such as for all the
proﬁles measured at site A, indicates full suspension, with the
material uniformly distributed throughout the boundary layer.
Sites B and C on the other hand, yielded values of R between 1 and
2. This indicates that suspension occurred throughout the
boundary layer, but with a less uniform distribution than for site
A. The steepness of the proﬁles of concentration at sites B and C
might be explained by the availability of a wide range of grain
sizes and the very high current velocities during sampling (up to
1m/s).
4.2.2. The movability number
The type of transport depends on the turbulence within the
benthic boundary layer, and is determined (amongst other factors)
by the ratio of friction velocity (U*), to particle settling velocity
(Ws)( Van Rijn, 1993). Collins and Rigler (1982) improved the
standard Shields diagram by using Ws, which better accounts for
irregularity in grain shape and different grain sizes. They deﬁned
the movability number as the ratio of the critical velocity to the
settling velocity. The movability number can be evaluated from
direct measurements of particle settling velocity and modelled or
measured friction velocity. The inverse movability number is a
parameter appearing in the Rouse exponent (Eq. (4)), as well as
being key to the computation of the appropriate Shields
parameter. Thus, the accuracy of the estimations of Ws/U* is
crucial to understanding and predicting sand transport. In order to
test the robustness of these estimations, the (inverse) movability
number has been obtained through four independent methods
(Table 8).
Table 4
Slopes (m), intercept (b), correlation coefﬁcient (r
2), inverse slopes (1/m) and tide
stage for 2006 (site A) proﬁles.
Proﬁle mb r
2 1/m ¼  R R ¼ Ws/bjU Tide
3  1.39 0.08 1.00  0.72 0.67 Ebb
4  1.81  1.32 0.99  0.55 0.60 Flood
5  1.82  1.16 1.00  0.55 0.55 Flood
6  1.81  1.48 0.96  0.55 0.57 Flood
7  1.52  1.51 0.99  0.66 0.83 Flood
8  0.90  1.28 1.00  1.11 1.01 Ebb
9  1.01  1.42 0.99  0.99 0.67 Ebb
11  1.14  0.98 1.00  0.88 0.78 Ebb
12  0.72  1.39 1.00  1.38 0.77 Ebb
 Proﬁles with only two data points.
Table 5
Slopes (m), intercept (b), correlation coefﬁcient (r
2), inverse slopes (1/m) and tide
stage for 2007 (site B) proﬁles.
Proﬁle mb r
2 1/m ¼  RR ¼ Ws/bjU Tide
1  0.71 0.05 0.92  1.41 2.68 Flood
2  0.87  0.14 0.83  1.15 1.87 Flood
3  0.74  0.17 0.83  1.35 2.13 Ebb
4  0.62  0.03 0.75  1.61 1.70 Ebb
5  0.58 0.54 0.99  1.73 1.95 Ebb
6  0.90 1.00 0.97  1.11 1.82 Ebb
7  0.29  1.07 1.00  3.45 4.44 Flood
8  0.70  0.25 0.83  1.43 2.13 Flood
9  1.00 0.43 0.85  1.00 1.99 Flood
10  0.92 0.43 0.94  1.09 1.75 Flood
11  0.64 0.09 0.92  1.56 1.92 Flood
 Proﬁles with only two data points.
Table 6
Slopes (m), intercept (b), correlation coefﬁcient (r
2), inverse slopes (1/m) and tide
stage for 2008 (site C) proﬁles.
Proﬁle mb R
2 1/m ¼  R R ¼ Ws/bjU Tide
1  0.93 0.31 0.95  1.07 2.16 Ebb
2  1.05 0.27 0.90  0.95 2.12 Ebb
3  0.55  0.09 0.70  1.81 2.15 Ebb
4  1.05 0.83 1.00  0.95 2.98 Ebb
5  0.78  0.06 0.95  1.28 3.10 Ebb
6  1.76 1.21 0.62  0.57 1.71 Ebb
7  1.02 0.95 0.98  0.98 1.81 Ebb
8  1.07 0.66 0.88  0.93 2.00 Ebb
9  1.70 0.74 0.76  0.59 2.47 Ebb
 Proﬁles with only two data points.
Table 7
Rouse exponent values obtained from measured proﬁles of concentration (1/m)
and from the Rouse parameter equation (Ws/bkU*).
2006 2007 2008
1/m ¼
 R
R ¼
Ws/bjU
1/m ¼
 R
R ¼
Ws/bjU
1/m ¼
 R
R ¼
Ws/bjU
Flood  0.59 0.66  1.27 1.93 – –
Ebb  0.99 0.67  1.45 1.90  1.02 2.19
Average  0.69 0.67  1.34 1.99  1.02 2.19
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Method 1 is the ‘control’ because it is obtained from direct
measurements of the settling rate (Ws) of sand trapped at a given
height and friction velocity (U*). Modelled values of U* have been
used in the cases of sites A and C, where the ADV was not
deployed. Method 2 is based on measured proﬁles of concentra-
tion: the movability number can be obtained from measured
proﬁles of concentration by equating 1/m to Ws/bkU* so that
Ws/U* ¼ bk/m. The values of b and k have been assumed as 1 and
0.41, respectively. Method 3 consists of extrapolating the ratio
Ws/U* obtained from direct measurements to suspension thresh-
old conditions, which is the U* at which the suspended sand
concentration is greater than zero (Fig. 10). The movability
Table 8
Comparison of the inverse movability number obtained from direct measurements
(Ws/U*), method 1; from proﬁles of concentration (bk/m), method 2; at threshold
conditions (U*crit), method 3; and at threshold (D* ¼ 10), method 4.
2006 2007 2008
Method 123 4 123 4123 4
Flood 0.27 0.24 – – 0.79 0.52 – – – – – –
Ebb 0.28 0.41 – – 0.78 0.59 – – 0.89 0.42 – –
Average 0.27 0.28 S-0.21 1 0.79 0.55 S-0.37 1.53 0.89 0.42 S-0.43 2
M-0.32 M-0.74 M-0.62
E-0.26 E-1.16 E-1.16
B-0.33 B-1.28 B-1.86
Fig. 10. Inverse movability number at threshold conditions for sites B (2007) and C (2008).
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number averaged for each of the traps height at threshold
conditions was 0.8370.45 and 0.7270.71 for sites B and C,
while a value of 0.2770.06 was obtained for site A. The best ﬁt
was obtained for each height when r
2 was statistically signiﬁcant;
otherwise the values of Ws/U* data were obtained by averaging the
values for each depth. It is apparent from Fig. 10A and B that the
ratio Ws/U* drops with height above the bed due to coarser grains
moving near the bed and ﬁner grains being mixed from there into
the water column. This might be the result of a fundamental
assumption made, which is that U* is constant throughout the
depth of measurements. There has been considerable debate
about this; however Biron et al. (2004) found that shear stress is
not constant with height above the bed (h). Stress appears to peak
at 0.1h according to the two methods presented (TKE and
Reynolds’s stresses). The implication of this is that the
calculated movability number should be higher for the benthic
and epi-benthic samples since the measured U* (z ¼ 0.34m) is
closer to the optimum height. Method 4 is based on the relation
between the inverse movability number and the dimensionless
grain diameter (Fig. 11a). According to Van Rijn (1993),
Ws/U* ¼ constant, when D*4 10, and Ws/U* ¼ D*/w when D*o10.
The value of w is reported by Van Rijn (1993) as 4. All of the
sampled sand in Chioggia fall in the region D*o10. We have
observed that the movability number is greater for bigger grain
sizes. A strong correlation can be observed for sites B and C where
the greater range in grain sizes allows for a trend to be observed.
The trends for sites B and C indicate values of D*/6.5 and D*/5 for
the threshold D* ¼ 10. The range of grain sizes for site A is smaller,
nevertheless the trend points to a value of D*/10 as reported
previously by Amos et al. (in press). These values are lower than
Van Rijn (1993), shown with the upper dashed line in Fig.11a. Our
data, however are for conditions of active transport, and would
therefore not represent a suspension threshold. Amos et al. (in
press) propose a value of D*/10 for laboratory experiments at
threshold with ﬁne and very ﬁne sands. The ratio Ws/U* has been
solved from the trends in Fig. 11a for a D* ¼ 10, sites A, B and C
yield results of 1, 1.53 and 2, respectively.
Overall, methods 1 and 2 yield similar results for all three sites,
whereas methods 3 and 4, evaluated at threshold conditions,
produce higher values. Results from methods 1 and 2 for site A,
yield an average value of 0.2770.01, similar to the value of 0.2
reported by Van Rijn (1993) for ﬁne sand, whilst method 4,
evaluated at threshold gives a value of 1. A greater variability is
observed in sites B and C, where the average values for methods 1
and 2 are 0.6770.12 and 0.6570.23. Methods 3 and 4, at
threshold, yield values of 1.2670.26 and 1.5270.47 for sites B
and C, which are closer to the models of Van Rijn (1993) and
Bagnold (1966).
4.2.3. Validity of Von Karman’s constant
We evaluated Von Karman’s constant k from the hourly ADV
time series recorded at site B at a height z ¼ 0.34m by inversion of
the Law of the Wall, such that
k ¼
U 
Uz
ln
z
zo

ð7Þ
where zo was considered to be 0.002 (Sternberg, 1972).
The k values obtained for the time and height of each benthic
trap were plotted against the concentration measured by the trap
(Fig. 12).
A value of k ¼ 0.4270.08 was obtained by linear regression
analysis of the estimated values for site B with a 95% conﬁdence
interval. Although the data show high scatter, the mean value
obtained for k corresponds with the value of 0.41 widely used in
literature (Long et al.,1993). No trend is apparent over the range of
concentrations up to 2000mg/L. This agrees with the behaviour
reported in Amos et al. (2006, in press) for Lido inlet where they
obtained a value of 0.3771 for concentrations below 2000mg/L.
4.2.4. Validity of the b parameter
The b parameter relates the eddy viscosity for momentum (Km)
to the eddy diffusivity for sediment (Ks ¼ bKm). For a parabolic
eddy viscosity as is assumed in deriving the Rouse proﬁle,
Fig.11. The inverse movability number plotted against dimensionless grain diameter for sites A (red), B (blue) and C (black). (For interpretation of the reference to colour in
this ﬁgure legend, the reader is referred to the web version of this article.)
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Km ¼ kU*z(1 z/h), where h is water depth for shallower ﬂows or
thickness of the bottom boundary layer for deeper ﬂows and (1 z/
h) assumes a linear decrease in U* from the bed to the top of the
boundary layer. We have assumed b to be equal to unity. In order
to test this, b was evaluated by equating the inverse slope of the
measured proﬁles of concentration (1/m) to the Rouse parameter
(R), so that
b ¼
mWs
kU 
ð8Þ
The derived b parameter for site B shows a dependence on
dimensionless grain diameter as proposed by Hill et al. (1988)
through the relation b ¼ 0.33D* 0.34 (Fig. 13). The b parameter
also varies with grain size for site C; however such a relationship
is not clear for site A. All our values are within the range
0.35obo3.02 reported by Hill et al. (1988). The b parameter does
not seem to vary according to concentration or friction velocity.
These ﬁndings indicate that using a value of b ¼ 1 is only valid for
sites with grain sizes of around 100mm, such as site A.
4.2.5. Sensitivity to estimates of U*
The friction velocity for each site was estimated through three
different methods; from measurements of turbulence from an
ADV using the TKE method for site B (Thompson et al., 2003), from
the Law of the Wall using measured and predicted velocities
within the boundary layer for all three sites (Biron et al., 1998;
Fig. 12. Von Karman’s constant evaluated from hourly ADV measurements against benthic concentration (z ¼ 0.06m) for site B (2007).
Fig. 13. Evaluation of b dependence on D* for site B (2007).
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Thompson et al., 2003), and from estimates of shear stress from
the model SHYFEM for sites A and C (Ferrarin et al., 2008).
Comparisons of U* obtained with the Law of the Wall (from
SHYFEM mean velocities) and ADV measurements for site B yield
a very good ﬁt (Fig. 14B). Modelled values of U* obtained with the
model SHYFEM, on the other hand, tend to over-estimate values
obtained using the Law of the Wall (from ADCP velocity
measurements made in site A) by 18% (Fig. 14A).
4.3. Bedload transport
Sand transport magnitudes appear to be strongly determined
by the seabed grain size. Table 9 shows a comparison of the
seabed grain size with the median grain size of the sand collected
by traps and the transport rate at each site. The median grain size
of the benthic traps matches the available seabed material.
Similarly, there is a strong correlation between the bed
sediments and the amount of bedload transport. The highest
bedload transport rate was found at site B, with the coarsest
material, while the smallest transport corresponded to site A,
which has the smallest grain size. The observed transport at site B
(2007) was up to three orders of magnitude greater than that
measured at site A (2006) and one order of magnitude greater
than site C (2008). We suggest that the size of the bed sediments
is indicative of the pathway for transport of sand across the inlet.
From the bed grain size distribution in Fig. 4 we propose that the
majority of sand transport in and out of the inlet occurs near
the northern jetty on the western half of the inlet and near the
southern jetty on the eastern half.
The proﬁle of concentration in the boundary layer also varied
in relation to the seabed material. It was steeper at site B, where
82% more material was caught by the benthic than the epi-benthic
trap, compared to sites A and C, where the benthic traps collected
65% and 75% more material than the epi-benthic traps, respec-
tively.
4.4. Comparison between observations and predictions
Predictions of bedload transport were compared to transport
measured in Chioggia inlet in order to learn if bedload transport
can be predictable for the measured ﬂow conditions. Local
hydrodynamic conditions at the time of measurement and the
morphological features such as the new offshore breakwater and
seabed sand distribution were simulated within SHYFEM-Sed-
trans05. Throughout this section the term bedload transport rate
is used as the local mean transport rate obtained by normalising
the transport to the horizontal opening of the trap (0.12m) and
the duration of sampling. It should not be confused with bedload
discharge, which is the total, spatially and temporally integrated
cross-sectional mean value used in the following section (G´ omez,
1991). The predicted transport rate was obtained for the exact
position and height of each trap, and normalised to the same
horizontal length of 0.12m. Five different sand transport equa-
tions were applied to produce estimated transport rates: Einstein
(1950), Yalin (1963) and Van Rijn (1993) for bedload transport,
and Engelund and Hansen (1967) and Bagnold (1963) for total
load (bedload and suspension). Results for the ﬁve methods are
presented in Fig. 15. The methods of Van Rijn and
Engelund–Hansen show the best relationship between
observations and predictions and shows that sites B and C (inlet
mouths) are in continuity with the sand transport rates from Lido
(Amos et al., 2006), while site A (central inlet) is not. Furthermore,
it appears that transport in sites B and C is in an equilibrium state
with the ﬂow condition over a range of ﬂow magnitudes, whereas
site A is sand starved. It also appears that the method of
Fig. 14. (A) Comparison of U* values obtained with the model SHYFEM and with
the Law of the Wall from ADCP velocity measurement in site A (2006) and (B)
comparison of U* values obtained with the TKE and the Law of the Wall methods
for site B (2007).
Table 9
Seabed median grain size, average median grain size and transport rate for benthic
traps in each site.
Site A Site B Site C
Maximum D50 seabed (mm) 178 369 300
D50 benthic traps (mm) 117 346 290
Qs (kg/m/s) benthic 0.0003 0.147 0.0123
Qs (kg/m/s) epi-benthic 9.6 10
 5 0.0266 0.0031
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Fig. 15. Comparison between observed and predicted transport for the three surveyed sites in Chioggia inlet and for Lido inlet. Results of ﬁve bedload formulae are
presented: (A) Engelund–Hansen, (B) Einstein–Brown, (C) Bagnold, (D) Yalin and (E) Van Rijn.
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Einstein–Brown under-predict sand transport at high transport
rates, especially for site B (east inlet) where sampling was carried
out during a particularly strong spring tide. The method of
Bagnold can be expected to over-predict sand transport under
most conditions of ﬂow, but particularly at low transport rates.
Finally, Yalin’s expression seems to present the highest scatter,
however it does not over or under-predict.
On average, maximum predicted bedload rates for sites B and C
(inlet mouths) are an order of magnitude higher than for site A
(central inlet). This is largely due to the difference in current
Fig.16. Predicted velocities at 0.3m above the bed for (A) Borawind (NE), ﬂood tide, (B) Borawind (NE), ebb tide, (C) Sirocco wind (SE), ﬂood tide, (D) Sirocco wind (SE), ebb
tide, (E) ﬂood tide, no wind and (F) ebb tide, no wind.
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speed; however the model does not consider the limited supply
conditions observed in the central part of the inlet. Nevertheless,
the model seems to reproduce well the observed transport rates at
sites B and C.
4.5. Bedload predictions under different wind scenarios
In the light that there is a dominant bedload component in two
out of three sites surveyed (sites B and C), we have used the
coupled model SHYFEM-Sedtrans05 to produce predictions of
bedload transport across a central cross-section of the inlet for 3
scenarios: (1) Sirocco (S–SE wind)+tidal forcing, (2) Bora (N–NE
wind)+tidal forcing and (3) tidal forcing only. Each scenario has
been evaluated using idealised tide levels for a 10-day interval.
The velocities used to predict the transport rates were computed
for the bottom layer of the model (E0.3m above the bed, Fig. 16),
which is also the layer from which transport rates were predicted
using the Van Rijn (1993) bedload equation. The cross-section
presented is at the future site of the submerged MOSE
barrier, which also corresponds to the location of study site A
(see Fig. 16).
Historical wind data of Venice lagoon was used to evaluate the
yearly percentage of occurrence of each type of wind. Wind data
was collected by the CNR meteorological tower (Cavaleri, 2005)i n
the North Adriatic and correspond to the period of 2000 to 2008.
We have calculated that a N–NE wind direction dominates 43% of
the time, mostly during winter; S–SE wind dominates approxi-
mately 21% of the time, taking place mostly during summer; while
other wind directions occur 36% of the time. The 10-day bedload
transport rate predictions for each scenario were averaged for the
ebb and ﬂood stages of the tide, multiplied for the width of the
cross-section and extrapolated to yearly percentages of each type
of wind in order to obtain the bedload discharge.
Fig. 16 shows that there is ebb dominance in Chioggia inlet for
all conditions of wind except for Sirocco; this is reﬂected by the
bedload discharge predictions obtained, where more transport is
exported than imported across the inlet for Bora and tidal forcing
only scenarios. Overall, a bedload discharge of approximately
17,000m
3 per annum has been estimated for the ebb tide, while
12,500m
3 per annum have been estimated for the ﬂood tide;
yielding an annual net export of sand of 4500m
3. This amounts to
approximately 10% of the estimated yearly accretion of Chioggia
ebb-tidal delta of 50,000m
3/annum (Villatoro, 2007; Amos et al.,
2008), with the remaining 90% being provided by alongshore drift,
evidence of which is the accumulation of sand next to the
Sottomarina and Caroman jetties (CORILA, unpublished data,
2006). According to Tambroni and Seminara (2006), sand trans-
port accounts for only 10% of the total transport across the inlets.
If we assume that the bedload discharge calculated herein
accounts for 10% of the total load, we obtain a yearly export of
45,000m
3 of sediment through Chioggia inlet. This ﬁgure stands
as reasonable when considering the commonly accepted export of
1,000,000m
3 of sediment from the lagoon, from which Lido
exports the majority, followed by Malamocco, and lastly Chioggia.
Furthermore, assuming that export of sand through Malamocco is
negligible, we ﬁnd that the ratio of export of sand from Lido to the
export from Chioggia is 20:1.
We propose that this sand is transported across the inlet
through a speciﬁc pathway which we have related to the presence
of coarser seabed material. The predictions of velocity shown in
Fig. 16 agree with this proposed transport pathway. The
area of site A stands out particularly because the velocity
predictions for all scenarios show a shadow region where
velocities are considerably lower, agreeing with the lower
observed transport at this site; therefore predicted transport rates
are likely to be higher if other cross-sections are studied. This
shadow region is caused by the structure built adjacent
to the southern breakwater, which will house the operation of
the MOSE barrier. This narrowing of the cross-section causes
slower velocities before and after the structure, and higher
velocities in the cross-section in front of it. Similar studies at
Malamocco inlet are recommended in order to relate the ﬁndings
presented in this study with all three inlets and improve the
understanding of the exchange of sand between Venice lagoon
and the Adriatic Sea.
5. Conclusions
This paper reports on measurements of sand transport
undertaken in 2006, 2007 and 2008 at three sites in Chioggia
inlet. The following are the major points of conclusion of this
study:
  The deployment of sediment traps has shown that there is
active transport of sand in the range of very ﬁne to ﬁne sand in
Chioggia inlet.
  Considerable horizontal and longitudinal variability in trans-
port behaviour was observed with transport at some sites
being three orders of magnitude higher than at others.
  The proposed pathway for sand transport is bed grain size
dependant, ebb dominant and mostly in the bottom 1m of the
water column.
  Estimates of the Shield’s parameter show much of the sand
was transported as bedload, whilst the central part was
dominated by suspension. The Shields’ parameter successfully
deﬁnes the suspension and traction thresholds for the inlet
through Roe (2007) threshold.
  The suspension threshold for Chioggia derived from the inverse
movability number fell between the limit proposed by Van Rijn
(1993) and the value reported by Amos et al. (in press) for the
Venetian inlets. Evaluation of the (inverse) movability number
with four different methods yields fairly similar results. Avalue
of 0.2770.01 was obtained for the central inlet (site A), while
the values for sites B and C were 0.6770.12 and 0.6570.23,
respectively. Evaluation at threshold yields values of 1,
1.2670.26 and 1.5270.47 for sites A, B and C.
  The Rouse parameter reproduced well the shape of the
measured proﬁles of concentration. The obtained values of R
indicate transport takes place throughout the boundary layer.
Values for site A were all less than unity, indicative of full
suspension, with the material uniformly distributed through-
out the boundary layer. Sites B and C presented values of R
between 1 and 2, which indicate that suspension occurred
throughout the boundary layer, but sand moved closer to the
bed than for site A.
  The model SHYFEM+Sedtrans05 simulated well the measured
bedload transport in Chioggia inlet extremes, best expressed
by the equation of Van Rijn (1993), but failed to account for the
limited supply conditions in the central part, consequently
over-estimating transport rates. The model is thought to
reproduce well transport along the proposed pathway, but to
over-estimate outside this area of active transport. Sand
transport measurements fell within the range of those
previously reported for Lido inlet.
  Estimates of bedload discharge across a cross-section of the
inlet obtained with the model SHYFEM-Sedtrans05 yield an
export of 4500m
3 of sand per year.
  Even though the modiﬁed Helley–Smith samplers have an
efﬁciency of only 4% under the sampled conditions, the
magnitude of the measured transport corresponds well to
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modelled values, as well as to yearly estimations of the sand
export (Tambroni and Seminara, 2006; Carbonin and Cecconi,
1997). Further calibration of the modiﬁed Helley–Smith
samplers is recommended to account for efﬁciency changes
with depth.
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Table C-1 Joint frequency distribution (%) of wave height (m) and wave direction (degN), where 
Bora wind directions are marked in orange, Levante in pink, and Sirocco in blue (Table continues 
in the next two pages) 
  5  10  15  20  25  30  35  40  45  50  55  60  65  70  75  80  85  90 
0.2  0.6  0.6  0.5  0.5  0.5  0.6  0.5  0.6  0.8  0.8  0.6  0.5  0.4  0.4  0.4  0.3  0.3  0.3 
0.4  0.5  0.5  0.5  0.5  0.5  0.6  0.7  0.6  0.8  1  0.8  0.6  0.6  0.4  0.3  0.3  0.3  0.3 
0.6  0.4  0.4  0.4  0.3  0.4  0.5  0.6  0.7  0.7  0.8  0.6  0.5  0.3  0.2  0.2  0.2  0.1  0.1 
0.8  0.2  0.3  0.3  0.3  0.4  0.4  0.5  0.5  0.4  0.5  0.4  0.3  0.2  0.2  0.2  0.1  0.1  0.1 
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0.3  0.3  0.3  0.3  0.3  0.4  0.4  0.4  0.4  0.4  0.4  0.4  0.4  0.5  0.4  0.3  0.3  0.4  0.3 
0.1  0.1  0.1  0.1  0.2  0.2  0.1  0.2  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.2  0.1 
0.1  0.1  0  0.1  0.1  0.1  0.1  0.1  0.1  0  0.1  0.1  0  0.1  0.1  0  0.1  0.1  0 
0  0  0  0.1  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0.8  0.8  0.8  0.9  1  1.3  1.3  1.4  1.3  1.2  1.3  1.4  1  1.4  1.2  0.9  1  1.3  1 
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190  195  200  205  210  215  220  225  230  235  240  245  250  255  260  265  270  275  280 
0.5  0.4  0.5  0.5  0.5  0.4  0.4  0.4  0.3  0.4  0.3  0.3  0.3  0.3  0.4  0.4  0.4  0.3  0.4 
0.3  0.2  0.2  0.2  0.2  0.2  0.2  0.3  0.2  0.2  0.2  0.2  0.2  0.2  0.2  0.3  0.2  0.2  0.2 
0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.2  0.1  0.1  0.2  0.1  0.1  0.1 
0  0  0  0  0.1  0.1  0  0.1  0  0.1  0  0.1  0.1  0.1  0.1  0.1  0  0  0 
0  0  0  0  0  0  0.1  0  0  0  0  0  0  0  0  0  0  0  0.1 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0.9  0.7  0.8  0.8  0.9  0.8  0.8  0.9  0.6  0.8  0.6  0.7  0.8  0.7  0.8  1  0.7  0.6  0.8 
 
 
285  290  295  300  305  310  315  320  325  330  335  340  345  350  355  360   
0.3  0.4  0.4  0.4  0.5  0.4  0.4  0.5  0.5  0.6  0.6  0.5  0.5  0.7  0.6  0.7  35 
0.2  0.2  0.2  0.1  0.2  0.2  0.3  0.3  0.3  0.4  0.4  0.3  0.3  0.3  0.4  0.5  26 
0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.2  0.2  0.2  0.3  0.2  0.2  0.2  15 
0  0  0  0.1  0.1  0.1  0  0  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  8.7 
0  0  0  0.1  0  0  0  0  0  0  0  0  0  0.1  0  0.1  5.3 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  3.5 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  2.3 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  1.5 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  1.1 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0.9 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0.5 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0.4 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0.2 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0.1 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0.1 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0  0 
0.6  0.7  0.7  0.8  0.9  0.8  0.8  0.9  1  1.3  1.3  1.1  1.2  1.4  1.3  1.6   
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Table C-2 Sand transport rates obtained for each point for each scenario 
Scenario 
Transport rate (m
3/hr) 
Sotto1  Sotto2  Sotto3  Ca 
1  -11.3985  -23.1172  -16.3091  -33.6155 
2  -16.4053  -33.1697  -23.698  -48.3071 
3  -21.1465  -48.9116  -63.1013  -60.3838 
4  0.4153  -3.3438  -1.4553  -4.2837 
5  -0.904  -26.6306  -15.0933  -54.2874 
6  -0.5665  -25.0875  -62.199  -51.7932 
7  3.1611  3.6396  5.1168  0.5559 
8  18.4135  20.3169  24.4965  -1.9212 
9  80.7522  98.1312  64.9947  0.2549 
10  2.6478  2.6474  3.8631  0.0613 
11  14.886  13.4204  19.8891  0.8575 
12  91.7679  115.7742  103.6117  6.1505 
13  3.5099  3.5323  0.5385  -1.1354 
14  38.4092  34.3991  1.0165  -13.6263 
15  1.2935  -0.1327  -0.7891  -0.9743 
16  14.1276  -0.0313  -7.9444  -11.7949 
17  1.4137  1.662  1.0914  0.2097 
18  11.7888  16.5326  15.4246  0.1838 
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